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ABSTRACT 

This  Phase I r e p o r t  covers  t h e  pe r iod  22 June through 22 November 
1965 and i s  submi t ted  i n  accordance w i t h  t h e  requi rements  of A r t i c l e  
V I 1  - Repor ts  of Work, Sec t ions  B and C of Con t rac t  NAS9-4790. Monthly 
r e p o r t s  M - 1  through M-4 and t h e  work performed dur ing  t h e  5 t h  monthly 
r e p o r t i n g  p e r i o d  a r e  summarized a long  w i t h  s p e c i f i c  recommendations 
and conclus ions .  The g o a l  of  t h i s  program has  been t o  deve lop  con- 
c e p t u a l  and eng inee r ing  d e s i g n s  f o r  two types  of  Lunar S o l a r  R e f l e c t -  
i ng  Beacons t o  be emplaced dur ing  t h e  e a r l y  Apollo Lunar Landing m i s -  
s i o n s .  One beacon w i l l  be  v i s i b l e  from t h e  e a r t h .  The o t h e r  w i l l  b e  
v i s i b l e  from bo th  t h e  Apollo Command Module (CM) and t h e  Lunar Excur- 
s i o n  Module (LEM) v e h i c l e s .  

Phase 1 of  t h i s  two-phase program encompasses s t a t i c  and dynamic 
beacon des ign  concepts  inc luding  t r a c k i n g  beacons ,  photometr ic  a n a l y s i s  
of  beacon d e t e c t i o n ,  r e l i a b i l i t y  as a f f e c t e d  by t h e  luna r  environment ,  
materials a n a l y s i s  , beacon l o c a t i o n  r equ i r emen t s ,  and p re l imina ry  weight  
and packaging de termina t ions .  The second phase of t h e  program w i l l  
cover  environmental  and m a t e r i a l s  s p e c i f i c a t i o n s  d e f i n i t i o n  and engi -  
n e e r i n g  des igns  of t h e  s p e c i f i c  beacon concepts  chosen by MSC, NASA, 
Houston from t h e  recommended concepts  desc r ibed  i n  t h i s  Phase I r e p o r t .  

e a r t h  r e f l e c t o r  w i th  an  a r e a  of 33 sq f t  and a f i e l d  of view of 6.75 x 
10-5 s t e r a d i a n s  i s  recommended. 
ag ing  requi rements  of  20 e a r t h  pounds, 1 cub ic  f o o t ,  23 inches  maximum 
dimension,  and a n  a s su red  0.9 r e l i a b i l i t y  a s  de f ined  i n  t h e  program 
d e s i g n  c o n s t r a i n t s  f o r  an  e a r t h - d e t e c t e d  beacon. 

For t h e  c i s l u n a r  beacon t o  b e  viewed a t  a maximum s l a n t  range  of 
400 n a u t i c a l  m i l e s ,  an  o s c i l l a t i n g  a r c h  s p e c u l a r  beacon having a t o t a l  
s u r f a c e  a r e a  of 19 s q  f t  and an e f f e c t i v e  r e f l e c t i v e  a r e a  of 4.44 x 
s q  f t  i s  recommended. Such a beacon w i l l  m e e t  t h e  f ive-ear th-pound 
we igh t ,  0.25-cubic-foot volume, 23  inches maximum dimension,  and 0.9 
r e l i a b i l i t y  des ign  c o n s t r a i n t s .  This  beacon w i l l  t r a n s m i t  a f l a s h i n g  
s i g n a l  f o r  0 .1  second once every 8.25 seconds u s i n g  any one of v a r i o u s  
power sou rces  and dev ices .  

On t h e  b a s i s  of t h i s  Phase I d e s i g n  s t u d y ,  a t r a c k i n g  f l a t  s p e c u l a r  

This  beacon w i l l  e a s i l y  meet t h e  pack- 

The d e t a i l e d  t e c h n i c a l  ana lyses  of  t h e  above reco-mended concepts  
p l u s  o t h e r  beacon types  t h a t  have been s t u d i e d  a r e  inc luded  i n  t h e  
t e c h n i c a l  d i s c u s s i o n  of t h i s  r e p o r t  w i t h  a c t u a l  d a t a ,  a n a l y s e s ,  t a b l e s  , 
c u r v e s ,  diagrams,  and ske tches .  This  forms t h e  background on which 
t h e  m a t r i x  a n a l y s i s  of t h e  beacon des ign  concepts  i s  based. The m a t r i x  
i n  e f f e c t  summarizes t h e  t e c h n i c a l  d i s c u s s i o n  and a l l  d a t a  p re sen ted  i n  
t h i s  and p rev ious  monthly r epor t s .  I n  a d d i t i o n ,  t h i s  r e p o r t  i s  organized  
t o  e x p l a i n  and expand t h e  matr ix  a n a l y s i s .  
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1. CONCLUSIONS AND RECOMMENDATIONS 

The primary purpose of t h i s  Phase  I e f f o r t  h a s  been t o  provide  NASA 

wi th  pa rame t r i c  d a t a ,  conc lus ions ,  and recommendations r e l a t i v e  t o  two 

t y p e s  of l u n a r  emplaced beacons; an e a r t h  beacon and a c i s l u n a r  beacon. 

T h i s  s e c t i o n  w i l l  d e l i n e a t e  s p e c i f i c  conc lus ions  and recommendations 

r e l a t i v e  t o  t h e s e  beacons.  

1.1 Conclus ions  

1. Beacon F e a s i b i l i t y  - Both t h e  e a r t h  and c i s l u n a r  beacons can 

be b u i l t  w i t h i n  t h e  des ign  c o n s t r a i n t s  u s i n g  s t a t e - o f - t h e - a r t  

hardware and technology t o  s a t i s f y  some, b u t  n o t  s imul t aneous ly  

a l l ,  of t h e  d e s i r a b l e  f e a t u r e s  of a c i s l u n a r  o r  e a r t h  beacon. 

T h e r e f o r e ,  beacon des ign  compromises a r e  n e c e s s a r y  r e l a t i v e  t o  

o r i e n t a t i o n ,  f i e l d  of view, f l a s h i n g  s i g n a l  v s .  cont inuous  

s i g n a l ,  motion, r e l i a b i l i t y ,  and s i g n a l  viewing t i m e  t o  

opt imize  t h e  beacon performance w i t h i n  t h e  weight and packaging 

c o n s t r a i n t s .  

2 .  D i f f u s e  o r  Specular  Beacons - Specular  s p h e r i c a l  beacons a r e  

s u p e r i o r  t o  d i f f u s e  spheres  on an i l luminance- to-weight  r a t i o  

due t o  t h e  h i g h e r  r e f l e c t a n c e ,  s p e c i f i c  s t r e n g t h ,  and s p e c i f i c  

r i g i d i t y  of a specu la r  sphe re  r e l a t i v e  t o  a d i f f u s e  s p h e r e .  

3 .  Beacon Areas - The recommended s p e c u l a r  c i s l u n a r  beacon a r e a  
2 i s  1.11 x f t  and t h e  e q u i v a l e n t  d iameter  i s  50.5 f e e t  

f o r  a 400 n a u t i c a l  m i l e  r ange ,  a 0 phase a n g l e ,  and average  

l u n a r  maria r e f l e c t a n c e  of 0.065, and us ing  t h e  1 .58- inch ,  

28-power command module s e x t a n t  a s  a s i g h t i n g  in s t rumen t .  

T h i s  s p h e r i c a l  diameter i s  s i m i l a r  t o  t h e  d i ame te r s  proposed 

f o r  t h e  175 n a u t i c a l  m i l e  range Surveyor emplaced landing a i d ,  

when one c o n s i d e r s  t h a t  t h e  r e l a t i v e  beacon d i ame te r s  under 

e q u i v a l e n t  viewing cond i t ions  w i l l  v a r y  a s  t h e  range of t h e  

o b s e r v a t i o n .  

0 
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I .  

The recommended specu la r  f l a t  e a r t h  beacon a r e a  of 33 f t 2  f a l l s  

midway between t h e  e a r l i e r  o p t i m i s t i c  c a l c u l a t e d  a r e a s  r e p o r t e d  

i n  t h e  l i t e r a t u r e  and some more r e c e n t  a r e a  c a l c u l a t i o n s  made 

p r i o r  t o  t h e  i n i t i a t i o n  of t h i s  program. 

v a r i a t i o n s  i s  p r i m a r i l y  due t o  t h e  d i f f e r e n c e s  i n  assumptions 

r e l a t i v e  t o  t h e  magn i f i ca t ion  and r e s o l u t i o n  of t e l e s c o p e s  under 

adverse  e a r t h  atmosphere s e e i n g  c o n d i t i o n s .  

Cause of most of t h e s e  

4 .  Beacon Uses - The e a r t h  beacon can be u t i l i z e d  a s :  1) a se l eno-  

g raph ic  r e f e r e n c e  f o r  lunar  mapping and motion s t u d i e s ;  2) a 

p o l i t i c a l  beacon f o r  the  enhancement of b o t h  i n t e r n a l  and ex- 

t e r n a l  governmental  programs and p o l i c i e s ;  ( 3 )  a h e l i o g r a p h  

f o r  emergency communications i n  t h e  even t  t h a t  a l l  o t h e r  

communications f a i l ;  4 )  ano the r  method of de te rmining  the  

s u r f a c e  deg rada t ion  of r e f l e c t o r s  due t o  t h e  space environment.  

The c i s l u n a r  beacon can serve a s :  1) a l u n a r  landing  a i d ,  

2) a s  a c a r t o g r a p h i c  r e fe rence  p o i n t  f o r  o r b i t a l  and luna r  

s u r f a c e  mapping miss ions ,  3 )  a n a v i g a t i o n a l  a i d  f o r  updat ing  

t h e  command module n a v i g a t i o n a l  system, 4 )  a bench p o i n t  t o  

measure t h e  o r b i t a l  p recess ion  of t h e  Apollo command module 

due t o  t h e  nonsphe r i c i ty  of t h e  moon f i g u r e  ( t h i s  in format ion  

can a i d  i n  r e f i n i n g  t h e  moment of i n e r t i a  c a l c u l a t i o n s  f o r  t h e  

moon) ; 5) a s  a he l iograph  f o r  emergency communications t o  t h e  

command module. 

5 .  O r i e n t a t i o n  - The computer programs formula ted  on t h e  program 

have determined beacon o r i e n t a t i o n  r equ i r emen t s  and can p r e d i c t  

t h e  l o c a t i o n  and du ra t ion  of t h e  beacon s i g n a l  a t  any p o i n t  i n  

space o r  on t h e  e a r t h  s u r f a c e .  However, minor r e f inemen t s  a r e  

necessa ry  be fo re  NASA can u s e f u l l y  employ t h e  programs. These 

programs w i l l  be  use fu l  i n  o r i e n t i n g  an tennas  and o t h e r  d i r e c -  

t i o n a l  dev ices  u t i l i z e d  i n  communicating informat ion  from t h e  

moon t o  t h e  e a r t h  o r  any o t h e r  p o i n t  i n  t h e  s o l a r  system. 

6 .  Power Systems and Drives  - P r e s e n t l y  p h o t o v o l t a i c  power systems 

coupled wi th  e l e c t r i c  motors a r e  proven s t a t e - o f - t h e - a r t  hardware 
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f o r  impar t ing  motion t o  dynamic beacons.  However, i t  i s  a l s o  

f e a s i b l e  t o  use thermal-mechanical d e v i c e s ,  b u t  t h e s e  d e v i c e s  

must be developed f u r t h e r .  

R e l i a b i l i t y  - Beacon r e l i a b i l i t y  w i l l  depend p r i m a r i l y  on t h e  

beacon e r e c t a b i l i t y  , o r i e n t a t i o n ,  d u r a b i l i t y  i n  t h e  l u n a r  

environment ( s p e c i f i c a l l y  i n  t h e  a r e a s  of l u n a r  t empera tu res ,  

mic rometeo r i t e  and d u s t  impingement, u l t r a v i o l e t  and p ro ton  

bombardment, and the load-bear ing  s t r e n g t h  of t h e  l u n a r  

s u r f a c e )  and LEM a scen t  d u s t  p r o t e c t i o n .  

7.  

1 .2  Recommendations 

Phase I1 of t h i s  program should proceed wi th  t h e  e n g i n e e r i n g  

des igns  and s p e c i f i c a t i o n s  f o r  both t h e  e a r t h  and c i s l u n a r  beacons.  

S ince  t h e  s p e c i f i c  recommendations f o r  t h e  beacon d e s i g n s  a r e  s u b j e c t  

t o  i n t e r p r e t a t i o n ,  a f i r s t  a l t e r n a t e  i s  a l s o  inc luded  i n  the  recommen- 

d a t i o n s .  

1 . 2 . 1  E a r t h  Beacon Recommendations 

The recommended e a r t h  beacon i s  a 33 - foo t - squa re ,  f l a t ,  

t r a c k i n g  beacon mounted on a t r i p o d  and powered by a photovol ta ic -motor  

system wi th  f o u r  d r i v e  u n i t s  t o  t r a c k  t h e  se l enograph ic  long i tude  and 

l a t i t u d e  of both t h e  e a r t h  and sun. Th i s  beacon can be b u i l t  w i t h i n  

t h e  weight and packaging c o n s t r a i n t s  w i t h  t h e  d e s i r e d  0.90 r e l i a b i l i t y  

f a c t o r  u t i l i z i n g  e x i s t i n g  proven s t a t e - o f  - t h e - a r t  space hardware.  Due 

t o  i t s  t r a c k i n g  a b i l i t i e s ,  which can  be modified t o  t r a c k  over  a w i d e r  

f i e l d  of view than  t h e  e a r t h  s u r f a c e  t o  minimize e f f e c t s  of t r a c k i n g  

e r r o r s ,  t h e  beacon r e q u i r e s  minimum o r i e n t a t i o n  and pe rmi t s  viewing f o r  

a r e l a t i v e l y  h i g h  percentage  of the  t i m e  compared w i t h  s t a t i c  e a r t h  

beacon concep t s .  

of lower r e l i a b i l i t y  due t o  t h e  complex i t i e s  of t h e  p h o t o v o l t a i c  - e l e c t r i c a l  

s y s  tem. 

These advantages more than outweigh t h e  d i sadvan tages  

As a f i r s t  a l t e r n a t e ,  t h r e e  33-square- foot -a rea  s t a t i c  

beacons can  be employed which w i l l  m e e t  t h e  weight and packaging r e q u i r e -  

ments. These w i l l  r e q u i r e  c a r e f u l  o r i e n t a t i o n  procedures  and may be 
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s u b j e c t  t o  s e t t l i n g  i n t o  t h e  luna r  s u r f a c e .  The pr imary advantage of 

t h i s  approach i s  i t s  h i g h e r  r e l i a b i l i t y  due t o  a minimum number of p a r t s ,  

assuming t h a t  t h e  beacons a r e  a l igned  and s t a y  a l i g n e d  wi thou t  d i f f i c u l t y .  

1 .2 .2  C i s l u n a r  Beacon Recommendations 

The recommended c i s l u n a r  beacon i s  an o s c i l l a t i n g  

f a c e t e d  a rch  comprised of fou r  c y l i n d r i c a l  segments w i t h  a l a t i t u d i n a l  

angu la r  wid th  of Ur7 . T h i s  beacon w i l l  o s c i l l a t e  about  an a x i s  

p a r a l l e l  t o  t h e  no r th - sou th  mer id ian  pass ing  through t h e  beacon s i t e ,  

a t  t h e  r a t e  of 8.25 seconds per  ha l f  c y c l e .  The f o u r  c y l i n d r i c a l  

segments w i l l  cover  an in s t an taneous  f i e l d  of view of over  2 i n  t h e  

l o n g i t u d i n a l  d i r e c t i o n  and S O  i n  t h e  l a t i t u d i n a l  d i r e c t i o n .  T h i s  

beacon can  be b u i l t  w i t h i n  t h e  packaging and weight  c o n s t r a i n t s  w i t h  

e x i s t i n g  s t a t e - o f - t h e - a r t  hardware w i t h  a one-year  o p e r a t i o n a l  r e l i a -  

b i l i t y  of 0.90 o r  g r e a t e r .  

0 

0 

0 

The a l t e r n a t e  beacon i s  a r o t a t i n g  beacon comprised 

of t h r e e  90-degree a r c y  c y l i n d r i c a l  segments mounted s y m e t r i c a l l y  

and r o t a t e d  about  a n  axis p a r a l l e l  t o  t h e  l o c a l  ve r t i ca l .  This  beacon 

f l a s h e d  f o r  0 .1  second once every  22.6 seconds t o  a minimum 271 s t e r a -  

d i a n  f i e l d  of view, u t i l i z i n g  a p h o t o v o l t a i c - e l e c t r i c  motor d r i v e  

system. This  concept  meets t h e  des ign  weight  and packaging r e q u i r e -  

ments. I t s  major d i sadvan tages  a r e  i t s  s h o r t  f l a s h  t i m e  and i t s  

s l i g h t  i n e f f i c i e n c y  i n  r e f l e c t i n g  some r a y s  i n t o  t h e  l u n a r  s u r f a c e ,  

i .e . ,  g r e a t e r  t h a n 2 f l s t e r a d i a n  f i e l d  of view under a l l  b u t  t h e  least  

optimum sun ang le  p o s i t i o n s .  

These two beacon recommendations have assumed t h a t  

t h e  beacon i s  more u s e f u l  as landing  and n a v i g a t i o n a l  a i d  than  a s  a 

l u n a r  mapping photographic  bench mark. I f  t h i s  l a t t e r  use  proves t o  

be t h e  most impor tan t ,  e i t h e r  the  cap  o r  t h e  o s c i l l a t i n g  cap should 

be cons ide red  . 
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1.2,3 Design S p e c i f i c a t i o n  

Cons ide ra t ion  should be g i v e n  t o  t h e  fo l lowing  a l t e r -  

n a t i v e  beacon d e s i g n  changes t o  improve t h e  p r o b a b i l i t y  and f requency  

of beacon d e t e c t i o n .  

1. I n c r e a s e  a l lowab le  weight and packaging volume, 

2.  Decrease d e t e c t i o n  range. 

3 .  Decrease area f a c t o r s  of s a f e t y .  

4 .  Use l a r g e r  a p e r t u r e  c i s l u n a r  camera systems. 

5 .  I n c r e a s e  t h e  number of photographs,  i , e , ,  i n c r e a s e  t h e  

percentage  ove r l ap  between photographic  frames, over  t h e  

beacon s i t e .  

6. T a i l o r  t h e  beacon f i e l d  of view t o  t h e  probable  range of 

o r b i t  h e i g h t s ,  descent  approach a n g l e s ,  and s o l a r  c o o r d i n a t e s  

f o r  t h e  s p e c i f i c  miss ions  which w i l l  u t i l i z e  t h e  beacon. 

1.2.4 O r i e n t a t i o n  Program 

Maximum v a l u e  can be d e r i v e d  from t h e  beacon o r i e n -  

t a t i o n  computer programs by t h e  r e v i s i o n  of s e v e r a l  s u b r o u t i n e s  and 

t h e  i n c o r p o r a t i o n  of JPL's ephemeris t a p e  d a t a  w i t h i n  t h e  p r e s e n t  

programs. This  a d d i t i o n a l  work would r e q u i r e  200 hours  of D r .  

Ka lenshe r ' s  t i m e ,  200 hours  f o r  a programmer, and $1,000 of computer 

t i m e .  Fo r  t h i s ,  NASA would r ece ive  t h e  r e v i s e d  computer program card  

decks ,  i l l u s t r a t i v e  examples to  check t h e  programs, sample c a l c u l a -  

t i o n s  and p r i n t o u t s ,  and a b r i e f  e x p l a n a t i o n  of the c a r d  decks.  T h i s  

e f f o r t  can be completed w i t h i n  two months a f t e r  i n i t i a t i o n .  
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2. SUMMARY 

This  r e p o r t  cove r s  t h e  f i r s t  of two phases  of l una r  beacon I n s t r u -  

ment development.  Th i s  f i r s t  phase completes  t h e  concep tua l  and eng i -  

n e e r i n g  f e a s i b i l i t y  d e s i g n  of t w o  t y p e s  of s o l a r  r e f l e c t i n g  beaccxs 

emplaced by e a r l y  Apollo luna r  landing  mis s ions .  Phase I1 w i l l  e i x o m -  

pas s  t h e  p r e p a r a t i o n  of d e t a i l e d  des ign  s p e c i f i c a t i o n s  and e n g i n e t r i n g  

drawings.  

The beacon, t o  be v iewed from e a r t h ,  h a s  20-pound weight  and o P- 

cubic- foot  volume d e s i g n  l i m i t a t i o n s .  Another ,  t h e  c i s l u n a r  beacon,  

w i l l  b e  v i s i b l e  t o  a n  a s t r o n a u t  i n  t h e  command module o r b i t i n g  t h e  

moon a t  a 200-naut ica l -mi le  maximum a l t i t u d e  a t  a maximum s l a n t  rangi  

of 400 n a u t i c a l  miles o r  t o  a s t r o n a u t s  i n  t h e  descending  LEM. This  

beacon has  5-pound weight  and 0.25 -cubic-f  oo t  volume d e s i g n  l i n i i t a t i r  s . 
Common des ign  s p e c i f i c a t i o n s  inc lude  a one-year o p e r a t i n g  l i f e ,  0.90 

r e l i a b i l i t y ,  and 23-inch maximum packaging dimension.  

The beacons w i l l  b e  d e t e c t e d  b o t h  v i s u a l l y  and pho tograpa ica l ly  . 
Visua l  r e c o g n i t i o n  can be r e a d i l y  achieved  by a cont inuous  s i g n a l  o r  

by s h o r t  o r  l ong  d u r a t i o n  f l a s h e s .  V i sua l  n a v i g a t i o n a l  s i g h t i , i g s  and 

photographic  d e t e c t i o n  a r e  b e s t  accomplished w i t h  long  f l a s h e s  or a 

cont inuous  s i g n a l .  Any type  of s i g n a l  i s  a p p r o p r i a t e  f o r  vis1;71 de- 

t e c t i o n , t h o u g h  f l a s h e s  may be more r e a d i l y  d e t e c t e d .  

2 . 1  Specular  o r  D i f fuse  Beacons 
4 

Oriented  s p e c u l a r  f l a t  beacons are 4.65 x 10 t i m e s  m i o r e  

e f f i c i e n t  on an a r e a  b a s i s  t han  a d i f f u s e  f l a t .  D i f f u s e  spher-1s a r e  

2.67 t i m e s  a s  e f f i c i e n t  as a specular  sphe re ,  on an  i l l u m i n a n c - - t o -  

a r e a  r a t i o ,  under optimum r e f l e c t i n g  and i n c i d e n t  a n g l e s .  HOLP ~ C K ,  a 

s p e c u l a r  sphe re  i s  more e f f i c i e n t  t h a n  a d i f f u s e  spl iere  on an i: lumin- 

ance- to-weight  r a t i o  under all i nc iden t  and r e f l e c t e d  ang le  c m l i t i o n s .  

Fo r  t h e s e  r e a s o n s ,  p l u s  t h e  ex tens ive  s t u d i e s  by and f o r  NASA si rni lah-  
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d i f f u s e  beacons ,  only specu la r  beacons were s t u d i e d  i n  d e t a i l  i n  t h i s  

program. 

2.2 Beacon Concepts 

A l l  t h e  beacon concepts  r e l a t e  t o  a s p h e r i c a l  beacon shape-- 

e i t h e r  as complete or  segmented s e c t i o n s  of a s p h e r e ,  f a c e t e d  or  c y l i n -  

d r i c a l  segmented approximations t o  t h e s e  s e c t i o n s ,  o r  mi sce l l aneous  

approximations i n  bo th  s t a t i c  and dynamic modes. A c l a s s i f i c a t i o n  

system i s  d e f i n e d  and i l l u s t r a t e d  f o r  each g e n e r a l  s e c t i o n  t y p e .  

2 . 3  Beacon Area,  Viewing Time, F i e l d  of V i e w ,  and F l a s h  Frequency 

Beacon areas were c a l c u l a t e d  u s i n g  accep ted  photometr ic  t e l -  

e s c o p i c  and photographic c a l c u l a t i o n  methods p l u s  assumptions which 

were more r e a l i s t i c  t h a n  used i n  e a r l i e r  beacon area c a l c u l a t i o n s .  

The r e s u l t a n t  beacon f l a t  a r e a s  and e q u i v a l e n t  s p h e r i c a l  d i ame te r s  
- 2  2 2 were 1.1 x 10 f t  and 50.5 f t  f o r  c i s l u n a r  and 3 3  f t  and 2790 f t  

f o r  e a r t h  beacons.  These r e p r e s e n t  photographic  and v i s u a l  d e t e c t i o n  

f a c t o r s  of s a f e t y  of 2 and 7.2 f o r  t h e  c i s l u n a r  and 11 and 10 f o r  e a r t h  

beacons r e s p e c t i v e l y  based on t h e  v a r i o u s  assumptions made. 

It i s  i m p r a c t i c a l  t o  f a b r i c a t e  s p h e r i c a l  s e c t i o n s  w i t h i n  t h e  

weight  and packaging s p e c i f i c a t i o n s  which w i l l  cover t h e  f i e l d s  of 

view r e q u i r e d  t o  produce a cont inuous  beacon s i g n a l  t o  e i t h e r  t h e  

e a r t h  or  c i s l u n a r  space.  The re fo re ,  i f  a wide f i e l d  of view i s  re- 

q u i r e d ,  t h e  cont inuous  beacon s i g n a l  must be s a c r i f i c e d  and a f l a s h i n g  

s i g n a l  t o l e r a t e d .  The l e n g t h  and f requency  of t h e  f l a s h  w i l l  depend 

upon t h e  beacon f i e l d  of view, the motion of t h e  beacon, and t h e  p o s i -  

t i o n  of t h e  obse rve r .  Gene ra l ly ,  t h e  beacon f i e l d  of view depends on 

t h e  r e f l e c t i v e  a r e a  which, i n  t u r n ,  i s  p r o p o r t i o n a l  t o  t h e  t o t a l  pack- 

a g e  weight a s s igned  t o  r e f l e c t i v e  area. The cho ice  of a p a r t i c u l a r  

beacon d e s i g n  w i l l  depend heavi ly  on t h e  type  of d e t e c t i o n  which has  t h e  

h i g h e s t  miss ion  p r i o r i t y .  

2.4 Materials 

The proposed beacons w i l l  u t i l i z e  s p a c e - q u a l i f i e d  metals, 

p l a s t i c s ,  and p l a s t i c  me ta l  composites w i t h  h igh  s t r u c t u r a l  r e l i a b i l i t y ,  
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s p e c i f i c  s t r e n g t h ,  s p e c i f i c  r i g i d i t y ,  and envi ronmenta l  r e s i s t a n c e .  

The proposed concepts  r e l y  heavi ly  on aluminum and Kapton p l a s t i c .  

2.5 O r i e n t a t i o n  

O r i e n t a t i o n  requi rements  have been d e f i n e d  and b a s i c  pro- 

grams computed r e l a t i v e  t o  beacon o r i e n t a t i o n  accu racy ,  o r i e n t a t i o n  

ang le  c a l c u l a t i o n s ,  and s i g n a l  viewing t i m e .  

2.6 Drive Mechanisms, Power Systems, and Bearing Seals 

Various d r i v e  mechanisms i n c l u d i n g  e l e c t r i c  and c lock  motors ,  

b i - m e t a l l i c s ,  and s o l a r  wind a r e  summarized t o g e t h e r  w i t h  t h e  power 

systems which might be cons idered  f o r  dynamic beacons.  Space-proven 

p h o t o v o l t a i c  systems are t h e  most promis ing .  However, thermal- 

mechanical concep t s  a l s o  appear  a t t r a c t i v e .  

2.7 R e l i a b i l i t y  

R e l i a b i l i t y  , h e r e i n  de f ined  as t h e  p r o b a b i l i t y  of t h e  beacon 

meeting i t s  des ign  s p e c i f i c a t i o n s  a f t e r  a one-year l u n a r  o p e r a t i n g  

l i f e  , i s  p r i m a r i l y  dependent on t h e  e r e c t a b i l i t y  , o r i e n t a t i o n ,  dura- 

b i l i t y  i n  t h e  l u n a r  environment,  and t h e  d u s t  problem d u r i n g  L E M  

a s c e n t .  The p r e l a u n c h ,  l aunch ,  and t r a n s l u n a r  envi ronmenta l  phases  

should not  a f f e c t  t h e  r e l i a b i l i t y  of any of t h e  beacon concep t s .  

2.8 Beacon Concepts 

Seve ra l  beacon concepts are d e s c r i b e d  f o r  b o t h  t h e  e a r t h  

and c i s l u n a r  beacons.  The recommended f l a t  t r a c k i n g  e a r t h  beacon w a s  

chosen  p r i m a r i l y  f o r  i t s  h igh  percentage  of viewing t i m e ,  ea se  of 

e r e c t a b i l i t y ,  l a c k  of o r i e n t a t i o n  r equ i r emen t s ,  and e a s e  i n  d u s t  pro- 

t e c t i o n .  The h igh  r a t e d  c i s l u n a r  segmented a r c h  and c y l i n d r i c a l  seg- 

ment dynamic beacons were chosen on t h e  b a s i s  of a wide f i e l d  of view, 

h i g h  f l a s h i n g  f r equency ,  minimum o r i e n t a t i o n ,  h i g h  d u r a b i l i t y  of me ta l  

p a n e l s  or  f o i l s ,  and ease i n  dust  p r o t e c t i o n .  I f  photographic  de t ec -  

t i o n  r e c e i v e s  major emphasis,  the f l a s h  f requency  and d u r a t i o n  r e -  

qu i rements  would change a long  wi th  t h e  c i s l u n a r  beacon concept r a t i n g s .  

Rough e s t ima ted  c o s t s  are included f o r  t h e  v a r i o u s  beacon concep t s .  
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3 .  TECHNICAL DISCUSSION 

This  Phase I r e p o r t  p rovides  NASA w i t h  pa rame t r i c  d a t a  r e l a t i v e  

t o  t h e  t r a d e o f f  c o n s i d e r a t i o n s  used i n  e s t a b l i s h i n g  pe rcen tage  of t i m e  

beacon s i g n a l  w i l l  b e  v i s i b l e ,  e s t ima ted  l i f e t i m e  of beacon r e f l e c t o r  

i n  t h e  luna r  environment,  c o s t ,  weight ,  volume, and o v e r a l l  f e a s i b i l i t y .  

The fo l lowing  des ign  c o n s t r a i n t s  have been p l aced  on t h e  beacon 

s tudy  : 

Cons t r a i n t  E a r t h  Beacon Lunar Beacon 

Weight 20 e a r t h  pounds 5 e a r t h  pounds 

Package volume 1 cubic  f o o t  

Maximum packaging 23 inches 
dimens ion  

0.25 cub ic  f o o t  

23 inches  

E x t e r n a l  power source  Only s o l a r  energy Only s o l a r  energy 

Minimum o p e r a t i n g  One year  One y e a r  
1 i f  e t  ime ( s e l f  -contained)  (s e 1 f -c on t  a ined)  

R e l i a b i l i t y *  0.90 0.90 

Environment a1 
c r i t e r i a  

Environment s p e c i -  Environment spec  i- 
f i c a t i o n s  f o r  f i c a t  i ons  f o r  
Apollo s c i e n t i f i c  Apollo s c i e n t i f i c  
e qu ipmen t equipment 

The beacons w i l l  be  emplaced w i t h i n  a c o r r i d o r  *5 degrees  l a t i t u d e  

by *45 l ong i tude  and w i l l  be cons idered  t o  be viewed under f u l l  moon 

background b r i g h t n e s s .  

This  , s ec t ion  d i s c u s s e s  t h e  v a r i o u s  d e t a i l s  a s s o c i a t e d  w i t h  con- 

c e p t u a l  des igns  and t h e  engineer ing  f e a s i b i l i t y  of bo th  types  of s o l a r  

beacons inc lud ing  : 

1. 

2. General  concepts  f o r  s t a t i c ,  r o t a t i n g ,  and o s c i l l a t i n g  

Comparison between specu la r  and d i f f u s e  beacons 

r e f l e c t o r  r ays  

* 
R e l i a b i l i t y  r e f e r s  t o  t h e  p r o b a b i l i t y  of r e c e i v i n g  a d e t e c t a b l e  s i g n a l  
f rom t h e  beacon w i t h i n  t h e  des ign  f i e l d  of view a f t e r  one y e a r  of 
o p e r a t i o n .  
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3 .  

4 .  

5. 

6. 

7.  

8. 

Beacon s i z e ,  viewing t ime, o b s e r v a t i o n ,  f requency ,  and 

f i e l d  of view 

Materials 

O r i e n t a t  i o n  

Drive mechanisms and power systems 

Re l i ab  il i t y  

Conceptual  d e s i g n  inc lud ing  c o s t ,  w e i g h t ,  volume, and 

f ea s  i b  i 1 i t y  ana ly  s i s  

Various d e t e c t o r - i n s t r u m e n t  combinat ions f o r  t h e  e a r t h  and l u n a r  

beacons a r e  l i s t e d  i n  Table  3-1. Photographic  d e t e c t i o n  p r e s e n t s  a 

much more d i f f i c u l t  beacon des ign  problem than  v i s u a l  d e t e c t i o n  espe-  

c i a l l y  i n  t h e  case of t h e  c i s l u n a r  beacon. The proposed l u n a r  c a r t o -  

g r a p h i c  cameras w i l l  t a k e  a square  format  p i c t u r e  r e p r e s e n t i n g  a f i e l d  

of view of 74 degrees  a c r o s s  t h e  f l a t s  and approximately 94  degrees  

a c r o s s  t h e  d iagonals .  This  means t h a t  t h e  maximum f i e l d  of view of  

t h e  beacon f o r  photographic  purposes should  be *47 degrees  about  t h e  

l o c a l  v e r t i c a l  t o  encompass a l l  p robable  camera p o s i t i o n s  t h a t  could  

d e t e c t  t h e  beacon. On t h e  o t h e r  hand,  v i s u a l  l and ing  r e c o g n i t i o n  from 

t h e  LEM r e q u i r e s  only  t h a t  t h e  beacon r e f l e c t  i n t o  t h e  n s t e r a d i a n  

s o l i d  a n g l e  po in t ed  i n  t h e  p o s i t i v e  i n c r e a s i n g  l o n g i t u d i n a l  d i r e c t i o n  

a s  shown i n  F ig .  3-1 .  Visual  n a v i g a t i o n a l  upda t ing  r e q u i r e s  t h a t  t h e  

beacon s i g n a l  r e f l e c t  i n t o  t h e  e n t i r e  2 s t e r a d i a n  f i e l d  of view s u r -  

rounding  t h e  beacon. 
ll 

Optimum beacon f l a s h  t i m e s  w i l l  a l s o  va ry  w i t h  each of t h e s e  t h r e e  

c a s e s .  I n  photographic  d e t e c t i o n ,  t h e  f l a s h  t i m e  must b e  long  w i t h  

r e s p e c t  t o  t h e  s h u t t e r  speed t o  i n s u r e  t h a t  s u f f i c i e n t  photons from t h e  

beacon s t r i k e  t h e  photographic  emulsion. A s h o r t  f l a s h  s i g n a l  may not  

b e  d e t e c t e d .  For example, i f  the  camera s h u t t e r  speed i s  1/50 second,  

i f  t h e  f l a s h  d u r a t i o n  is 0 . 1  second; i f  a minimum of 1/50 second is  re- 

q u i r e d  f o r  d e t e c t i o n ;  and i f  the  camera views t h e  f l a s h  when t h e  photo- 

graph  i s  t aken ,  t hen  t h e  p r o b a b i l i t y  o f  d e t e c t i o n  i s  0 .6  f o r  a p i c t u r e  

t a k e n  w i t h i n  t h e  0 t o  0 . 1  second f l a s h  t i m e  pe r iod .  I f  t h e  f l a s h  dura-  

t i o n  is  inc reased  t o  1.0 second then  t h e  p r o b a b i l i t y  i n c r e a s e s  t o  0 .96.  
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The percentage  of f l a s h  t ime w i t h i n  t h e  maximum *47 degree  f i e l d  

of view should  b e  h igh  i n  o r d e r  t o  i n c r e a s e  t h e  p r o b a b i l i t y  of photo- 

g raph ic  d e t e c t i o n .  The percentage  o f  f l a s h  t i m e  w i t h i n  t h e  maximum 

*47 degree  f i e l d  of view can  b e  increased  by any of t h e  fo l lowing  

methods : 

1. I n c r e a s e  t h e  beacon ins t an taneous  f i e l d  of view by e i t h e r :  

a .  

b.  I n c r e a s i n g  t h e  weight l i m i t a t i o n s  and t h e r e f o r e  t h e  

Decreasing t h e  a rea  f a c t o r  of s a f e t y .  

t o t a l  a r ea .  

c .  Decreasing t h e  range. 

d. Designing t h e  beacon f o r  u s e  a t  less t h a n  maximum 

background i l l u m i n a t i o n .  

2 .  I n c r e a s e  t h e  pe rcen tage  of beacon f l a s h  dwell  t i m e  w i t h i n  

t h e  *47 degree  f i e l d  of view by programming t h e  angu la r  

o s c i l l a t i o n  v e l o c i t y  s o  t h a t  a major p o r t i o n  of t h e  c y c l e  

t i m e  i s  w i t h i n  t h e  *47 degree  f i e l d  of view. 

3 .  Decrease t h e  t o t a l  beacon f i e l d  of view thereby  i n c r e a s i n g  

t h e  pe rcen tage  of  t i m e  w i t h i n  t h e  f47  degree  f i e l d  of view. 

t 

i 

For v i s u a l  landing  r e c o g n i t i o n  from t h e  LEM v e h i c l e ,  t h e  beacon 

f l a s h e s  can  b e  s h o r t  i n  d u r a t i o n  (0.1 second o r  less) as long as t h e  

photon i n t e n s i t y  from t h e  f l a s h  is  above t h e  minimum d e t e c t a b l e  i l l u m i n -  

ance.  The f l a s h e s  should be f r equen t  enough, however, t o  permi t  

m u l t i p l e  beacon s i g h t i n g s  w i t h i n  the l and ing  t i m e  span  and t h e r e b y  

improve t h e  d e t e c t  i on  p r o b a b i l i t y .  

The u s e  of t h e  beacon as  a v i s u a l  n a v i g a t i o n a l  upda t ing  marker 

may r e q u i r e  l a r g e  enough f l a s h  t i m e s  s o  t h a t  t h e  Command Module s e x t a n t  

can b e  c a r e f u l l y  a l i g n e d  wi th  the beacon f l a s h .  This  a l ignment  may 

r e q u i r e  s e v e r a l  seconds of f l a s h  t i m e  t o  permi t  a c c u r a t e  n a v i g a t i o n .  

T h i s  requi rement  may d i c t a t e  a r e l a t i v e l y  slow o s c i l l a t i n g  o r  r o t a t i n g  

beacon i f  beacon motion i s  employed. 

The f a c t o r s  which a f f e c t  the beacon f i e l d  of view and beacon f l a s h  

t i m e s  w i l l  b e  d i scussed  i n  more depth  i n  Subsec t ion  3 .2 .  
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3.1 Comparison Between Specular  and D i f f u s e  R e f l e c t o r s  

R e f l e c t o r s  a r e  c h a r a c t e r i z e d  by two d i f f e r e n t  s u r f a c e  

c h a r a c t e r i s t i c s  s p e c u l a r  and d i f f u s e  r e f l e c t a n c e .  The photometr ic  

a n a l y s i s  of lunar-emplaced s o l a r  s p e c u l a r  o r  d i f f u s e  r e f l e c t i n g  beacons 

i s  d i scussed  i n  Appendices A and B r e s p e c t i v e l y .  Tab le  3-11 summarizes 

t h e  comparison of v a r i o u s  o p t i c a l  and p h y s i c a l  c h a r a c t e r i s t i c s  f o r  

s p e c u l a r  and d i f f u s e  r e f l e c t o r s .  
4 

t i m e s  more i n t e n s e  than  a d i f f u s e  f l a t  of e q u i v a l e n t  area and r e f l e c t -  

ance when t h e  phase ,  i n c i d e n t  and r e f l e c t e d  a n g l e s  a r e  a l l  z e r o  degrees .  

However, f o r  s p h e r i c a l  r e f l e c t o r s  t h e  d i f f u s e  r e f l e c t o r  has  a r e f l e c t -  

ance  advantage f o r  phase ang le s  l e s s  t han  o r  equa l  t o  \ 83 I degrees  of 

a r c .  The a t t r a c t i v e n e s s  of t h e  d i f f u s e  sphe re  over  t h i s  range  of phase 

a n g l e s  has  been a major f a c t o r  i n  t h e  des ign  c o n s i d e r a t i o n s  f o r  a Lunar 

Landing Aid t o  b e  emplaced by t h e  Surveyor Vehic le .  However, t h e  

a t t r a c t i v e n e s s  of a d i f f u s e  r e f l e c t o r  dec reases  r a p i d l y  when one con- 

s i d e r s  t h e  s t r e n g t h ,  we igh t ,  and environmental  r e s i s t a n c e  p e n a l t i e s  

which m u s t  b e  a p p l i e d  t o  d i f f u s e  s u r f a c e s .  The weight  o f  t h e  d i f f u s e  

l a y e r s  i s  almost  e q u a l  t o  t h e  s u b s t r a t e  weight  f o r  b a l l o o n  (or  b a l l o o n -  

e r e c t e d )  des igns .  A l so ,  d i f f u s e  s u r f a c e s  have a s p e c i f i c  s t r e n g t h  

a lmost  an o rde r  of magnitude less  than  s p e c u l a r  r e f l e c t i n g  l a y e r s .  I n  

a d d i t i o n ,  d i f f u s e  s u r f a c e s  made wi th  organic  b inde r s  probably  w i l l  

e x h i b i t  much g r e a t e r  l o s s e s  i n  r e f l e c t a n c e  than  s p e c u l a r  me ta l l i c  

s u r f a c e s .  

The i l l uminance  from a f l a t  s p e c u l a r  r e f l e c t o r  i s  4.65 x 10 

S ince  a c i s l u n a r  s p h e r i c a l  d i f f u s e  beacon would weigh almost  

1 0  t i m e s  t h e  c i s l u n a r  des ign  weight l i m i t ;  s i n c e  d i f f u s e  beacons have 

been s t u d i e d  i n  dep th  by NASA as a luna r  landing  a i d  t o  be emplaced by 

t h e  Surveyor ,  and s i n c e  t h e  i l luminance  from a s m a l l  d i f f u s e  s p h e r i c a l  

cap  i s  much less t h a n  from a specu la r  cap ,  on ly  s p e c u l a r  beacons have 

been s t u d i e d  i n  d e t a i l  du r ing  t h i s  program. 
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3.2 Basic Beacon Concept C l a s s i f i c a t i o n s  

Before c o n s i d e r i n g  t h e  d e t a i l e d  a n a l y s i s  of beacon s i z e  , 
viewing t i m e ,  o b s e r v a t i o n  frequency,  f i e l d  o f  view,  and c o n c e p t i o n a l  

d e s i g n  concepts  , t h e  b a s i c  beacon geometry c l a s s i f i c a t i o n s  w i l l  be  

d i s c u s s e d .  Beacon d e s i g n s  c a n  b e  c l a s s i f i e d  i n t o  s t a t i c  and dynamic 

c a t e g o r i e s  w i t h  s p h e r i c a l  , f a c e t e d  s p h e r i c a l  approximations , and 

misce l l aneous  s u b c a t e g o r i e s .  F igu re  3-2 g i v e s  c l a s s i f i c a t i o n  numbers 

f o r  v a r i o u s  beacon geometry types .  These w i l l  be  of v a l u e  i n  compar- 

i n g  d i f f e r e n t  types of beacon designs.  

The v a r i o u s  s p h e r i c a l  segment a l t e r n a t e s  show d i f f e r e n t  ways 

t o  reduce t h e  t o t a l  s p h e r i c a l  a r e a  w h i l e  ma in ta in ing  a l a r g e  f i e l d  of 

view ( o r  f i e l d  of r e f l e c t i o n ) .  

The f a c e t e d  approximations u s e  m u l t i p l e  f l a t  o r  c y l i n d r i c a l  

segments t o  p r o j e c t  t h e  r e f l e c t e d  beacon s i g n a l  t o  a l a r g e  f i e l d  of 

view. I f  each f a c e t  i s  i n c l i n e d  S0.00464 r a d i a n s  w i t h  r e s p e c t  t o  each 

o t h e r ,  t h e  r e f l e c t e d  s i g n a l  w i l l  appear t o  be r e f l e c t e d  con t inuous ly  

from a s p h e r i c a l  s u r f a c e .  The re fo re ,  t h e s e  f a c e t e d  approximations c a n  

be used i n  t h e  same manner as t h e  s p h e r i c a l  shapes.  Faceted approx- 

imat ions are  u s u a l l y  e a s i e r  t o  package. The misce l l aneous  s t a t i c  

c a t e g o r y  inc ludes  such concep t s  as an  umbrel la- type r e f l e c t o r  , e t c .  

The dynamic s p h e r i c a l  beacon concepts  u s e  e i t h e r  s p h e r i c a l  

o r  c y l i n d r i c a l  segments p l u s  r o t a t i o n ,  o s c i l l a t i o n ,  o r  s o l a r  t r a c k i n g  

modes of motion t o  approximate a s p h e r i c a l  o r  s p h e r i c a l  segment s u r f a c e .  

3 .3  Beacon Area, Viewing T i m e ,  Obse rva t ion  Frequency, and F i e l d  
of V i e w  

The v a r i a b l e s  a f f e c t i n g  beacon area,  viewing t i m e ,  observa-  

t i o n  f r equency ,  and f i e l d  of view f a c t o r s  a r e  l i s t e d  i n  Tab le  3-111. 

These f a c t o r s  w i l l  be d i s c u s s e d  i n  t h e  s u b s e c t i o n s  below. 

3 .3 .1 Beacon Area Analysis  

Beacon area ana lyses  f o r  s p e c u l a r  and d i f f u s e  r e f l e c -  

Due t o  t h e  weight  t o r s  a r e  l i s t e d  i n  Appendices A and B r e s p e c t i v e l y .  

and area p e n a l t i e s  € o r  d i f f u s e  beacons,  as d i s c u s s e d  above, t h e  Phase I 

e f f o r t  has  concen t r a t ed  e n t i r e l y  on s p e c u l a r  beacon d e s i g n  concepts .  
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Table  3-IV summarizes t h e  minimum beacon a r e a s  c a l -  

c u l a t e d  f o r  photographic  and v i s u a l  o b s e r v a t i o n s  from e a r t h  and c i s l u n a r  

o r b i t .  The minimum d e s i g n  a r e a s  were c a l c u l a t e d  u s i n g  a 3.18 m u l t i -  

p l i c a t i o n  f a c t o r  f o r  t h e  T i f f a n y  da ta  which r e p r e s e n t s  c o n t r a s t s  f o r  

50-percent  p r o b a b i l i t y  of d e t e c t i o n .  

been ques t ioned .  

10 X and 100 X T i f f a n y  d a t a  (a l0  and alO0) have been t a b u l a t e d  a l s o  f o r  

comparison. 

and minimum des ign  a r e a  ( a ,  ad ,  and a 

where : 

Low m u l t i p l i c a t i o n  f a c t o r s  have 

There fo re ,  t h e  a r e a s  c a l c u l a t e d  when t h i s  f a c t o r  i s  

The f a c t o r s  of s a f e t y ,  FS ,  based on t h e  c a l c u l a t e d ,  d e s i g n ,  

r e s p e c t i v e l y )  a r e  a l s o  shown md 

Recommended des ign  a r e a s  f o r  t h e  beacons,  ad ,  f o r  ze ro  degree phase 

ang le  d e t e c t i o n  a r e  a l s o  presented  based on a r b i t r a r y  s a f e t y  f a c t o r s  

of  2 f o r  t h e  ear th-photographed beacon, 7.2 f o r  t h e  e a r t h - v i s u a l l y -  

d e t e c t e d  beacon ( u s i n g  10 t o  60-inch t e l e s c o p e s )  and 11 and 10 f o r  t h e  

c i s l u n a r  photograph and v i s u a l  beacons. These f a c t o r s  of s a f e t y  w i l l  

i n c r e a s e  by almost  a f a c t o r  of 10 a s  t h e  phase a n g l e s  approach k90 . 
Correspondingly ,  t e l e s c o p i c  see ing  c o n d i t i o n s  may grow poorer  by a 

f a c t o r  of 

a r e a s  could be decreased  by  a f a c t o r  of 10 .  

0 

i f  t h e  phase angles  approach S O o  o r  t h e  beacon des ign  

The photographic  f a c t o r s  of s a f e t y  a r e  d i f f e r e n t  from 

t h e  v i s u a l  f a c t o r s  of s a f e t y ,  FS, because t h e  f a c t o r s  of s a f e t y  were 

a s s igned  so t h a t  t h e  beacon s i z e  i s  t h e  same f o r  bo th  photographic  and 

v i s u a l  d e t e c t i o n .  The FS f o r  the ear th-photographed  beacon i s  r e l a -  

t i v e l y  low compared t o  t h e  c i s lunar -photographed  beacon FS because low 

photographic  a r e a  was chosen t o  p e r m i t  a des ign  s b l u t i o n  w i t h i n  t h e  

packaging l i m i t a t i o n s .  Mult iexposure and e l e c t r o n i c  image enhancement 

t echn iques  a r e  a v a i l a b l e  t o  improve t h e  d e t e c t i o n  p r o b a b i l i t i e s  of 

photographic  techniques  whereas v i s u a l  o b s e r v a t i o n s ,  be ing  less ob jec -  

t i ve ,  r e q u i r e  a g r e a t e r  F S .  

Even i f  t h e  T i f f a n y  50-percent  d e t e c t i o n  f a c t o r  m u l t i -  

p l i e r  should be 100, t h e  d e s i g n  a r e a s  f o r  v i s u a l  d e t e c t i o n  have a f a c t o r  
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of s a f e t y  of 2 ( i . e . ,  twice t h e  a r e a  r e q u i r e d ) .  

a r e a s ,  a s s igned  t h e  same des ign  v a l u e s  a s  t h e  v i s u a l  beacons ,  have a FS 

of 2 and 11, r e s p e c t i v e l y ,  f o r  e a r t h  and c i s l u n a r  d e t e c t i o n .  

The photographic  beacon 

The e f f e c t  of good see ing  r equ i r emen t s ,  p a r t i c u l a r l y  

f o r  t e r r e s t r i a l  photography, i s  d i scussed  i n  Appendix A .  

Based on t h e s e  l a r g e  c i s l u n a r  s a f e t y  f a c t o r s ,  omni- 

d i r e c t i o n a l  s p h e r i c a l  caps o r  lunes would r e q u i r e  a s p h e r i c a l  d iameter  

of 50.5 f e e t .  Th i s  i s  i m p r a c t i c a l ,  c o n s i d e r i n g  t h e  t i g h t  weight t o l e r -  

ances .  T h e r e f o r e ,  s i n c e  t h e  beacon d iameter  v a r i e s  a s  t h e  square r o o t  

of t h e  beacon a r e a ,  &, o r  a s  the d e t e c t i o n  r ange ,  R ,  c o n s i d e r a t i o n  

should be  g iven  t o  t h e  r educ t ion  of t h e  f a c t o r  of s a f e t y  o r  t h e  range 

over  which t h e  beacon i s  v i s u a l l y  s i g h t e d  or  t o  i n c r e a s i n g  t h e  weight 

c o n s t r a i n t s .  

A g r e a t e r  f a c t o r  of s a f e t y  seems t o  be  e s s e n t i a l  f o r  

v i s u a l  s i g h t i n g s ,  a s  opposed t o  photographic ,  s i n c e  t h e r e  a r e  more 

u n c e r t a i n t i e s  about  t h e  v i s u a l  c o n t r a s t s  used. The t r a d e o f f s  between 

d i ame te r ,  weight ,  and f a c t o r s  of s a f e t y  w i l l  be d i s c u s s e d  i n  con junc t ion  

w i t h  t h e  beacon concep t s .  

The beacon des ign  a r e a s  c i t e d  above and i n  Table 3-IV 

a r e  much l a r g e r  t h a n  e a r l i e r  a r ea  c a l c u l a t i o n s  found i n  t h e  l i t e r a t u r e .  

Depending on t h e  FS and c o n t r a s t  v a l u e s  used, t h e  a r e a s  a r e  e q u a l  t o  o r  

less t h a n  some r e l a t e d  c u r r e n t  beacon c a l c u l a t i o n s .  The v a r i a t i o n s  i n  

t h e  v a l u e s  c i t e d  h e r e i n  and o the r  p a s t  and c u r r e n t  computed s i z e s  a r e  

due t o  such f a c t o r s  a s :  

1. Lunar background assumptions 

2 .  L i m i t a t i o n s  of s e e i n g  c o n d i t i o n s  on r e s o l u t i o n  a n g l e  and 

t h e  cho ice  of r e s o l u t i o n  ang le  f o r  computa t iona l  purposes 

Telescope  magn i f i ca t ion  f a c t o r  and i t s  i n t e r r e l a t i o n s h i p  

w i t h  s e e i n g  c o n d i t i o n s .  

3 .  

4 .  Range 

5. Te lescope t r ansmiss ion  

6 .  Atmospheric t r ansmiss ion  

7 .  Choice of beacon r e f l e c t a n c e  

The e f f e c t  of t h e s e  i s  expla ined  i n  Appendix A .  
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Of t h e  above seven v a r i a b l e s ,  a l l  bu t  t h e  range  and 

t e l e s c o p e  t r ansmiss ion  v a r y  wi th  t i m e .  The l u n a r  background v a r i e s  

c y c l i c l y ;  t h e  beacon r e f l e c t a n c e  i s  a decaying  f u n c t i o n ,  and t h e  r e s o -  

l u t i o n  a n g l e ,  t e l e s c o p e  magn i f i ca t ion ,  and a tmospher ic  t r a n s m i s s i o n  

a r e  i n t e r r e l a t e d  f a c t o r s  which vary s t a t i s t i c a l l y  from hour t o  hour  and 

n i g h t  t o  n i g h t  i n  a g e n e r a l  y e a r l y  c y c l e  b a s i s .  I n s t e a d  of a r b i t r a r i l y  

choos ing  a g iven  v a l u e  f o r  each of t h e s e  t ime-dependent v a r i a b l e s ,  a 

t i m e  f u n c t i o n  could  be a p p l i e d  t o  t h e  c y c l i c a l  and decaying  f u n c t i o n s  

and a p r o b a b i l i t y  f u n c t i o n  t o  the o t h e r  v a r i a b l e s .  

t h e n  be i n t e g r a t e d  t o  y i e l d  a time-dependent p r o b a b i l i t y  of d e t e c t i o n .  

Such an e x p r e s s i o n  would be complex and expens ive  t o  deve lop .  However, 

t h e  r e s u l t a n t  c a l c u l a t i o n s  would g i v e  a more r e a l i s t i c  concept  of 

beacon d e t e c t a b i l i t y  than when using a r b i t r a r i l y  chosen v a l u e s  such 

a s  have been l i s t e d  i n  t h i s  r e p o r t .  Desp i t e  t h e  a r b i t r a r y  cho ice  of 

v a l u e s  f o r  many of t h e s e  v a l u e s ,  t h e  beacon a r e a s  c a l c u l a t e d  appear  

c o n s e r v a t i v e .  

These could  a l l  

3.3.2 Beacon A r e a ,  ViewinP T i m e ,  Obse rva t ion  Frequency 
and F i e l d  of V i e w  

The v a r i a b l e s  a f f e c t i n g  beacon a r e a ,  o b s e r v a t i o n  f r e -  

quency, and f i e l d  of view a r e  shown i n  Table 3-V. It i s  d e s i r a b l e  t o  

o b t a i n  a maximum f i e l d  of view f o r  a given beacon a r e a .  E i t h e r  a sphere 

o r  hemisphere w i l l  g ive  t h e  d e s i r e d  l a r g e  f i e l d  of view. However, each 

of t h e  s t r u c t u r e s  i s  i n e f f i c i e n t  i n  i t s  use of r e f l e c t i v e  a r e a .  I f  one 

i s  w i l l i n g  t o  i n c r e a s e  t h e  o r i e n t a t i o n  s p e c i f i c a t i o n s  f o r  a g iven  beacon, 

t h e  beacon f i e l d  of view can be main ta ined  while d e c r e a s i n g  beacon a r e a  

up t o  a c e r t a i n  p o i n t .  

e f f i c i e n t l y  provide  a l a r g e  f i e l d  of view w i t h  minimum a r e a .  F i g u r e s  

3-3 and 3-4 l i s t  t h e  beacon a reas  f o r  t h e  a r c h  and cap- type  beacon 

concep t s  a s  a f u n c t i o n  of t h e  f i e l d s  of view t h a t  a r e  a t t a i n a b l e .  

The concepts  of s p h e r i c a l  a r c h e s  and caps 

The cap can be c l o s e l y  approximated by a s e r i e s  of f l a t  

f a c e t s  t o  s imula t e  the  cont inous  r e f l e c t e d  s i g n a l  which i s  a t t a i n a b l e  

from a s p h e r i c a l  s u r f a c e .  The h a l f  a n g l e  of t h e  f i e l d  of view a t t a i n a b l e  

from a f l a t  r e f l e c t o r ,  having  the r e q u i r e d  des ign  a r e a ,  i s  e q u i v a l e n t  t o  
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TABLE 3. 

VIEWING TIFIE, FIELD OF V I E W  Ab 
FOR VARIOUS BASIC P 

1.1.1 

I . 1 . 2  

4~ s t e r a d i a n s  

2 -  s t e l - a d i s n s  

Name 

N- f 1 a t  s r o t  a t  i n g  

Sphere 

H e  m i  s p h e r  e 

Lune 

2 . 2 . 3  

Arch 
i 4 O  l a t i t u d e  

0 5=45 l o n g i t u d e  

547' l a t i t u d e  

k90 l o n g i t u d e  

* 4 7 O  -1 a t  i t ude 

* O 0  l o n g i t u d e  

N f a c e t s  

0 

: l a s s i f i c a t i o n  
Numb e r 

:see F i g .  3 - 2 )  

F i e l d  of V i e w  
FOV = 

F i e l d  of R e f l e c t i o n  

1 . 1 . 3  

1.1.4 

.I_ 

22" s t e r a d i a n s  max 

s t e r a d i a n s  max 8G - .- 

1.1.5 ! 
' tj ' s e 1 enoxr apti i c 

1 a t  i tude  ! 

F!JC~) :;el cnograpliic 
1 ong i t tide 

2 r  s t e r a d i a n s  

413 s t e i - ad ians  

1 . 2 . 3  

2 . 1 . 3  
c y l i n d r i c a l  segment 

-- - I__-- 

5 
Nx7.13~1 U 
s t e r a d i a n s  

27 s t e r a d i a n s  

43 s t e r a d i a n s  

&i s t e r a d i a n s  

-... . . 

Viewing Time 
l ' r ac t ion  of  Calenc 
Beacon V i s i b l e  frc 

T ----. 
. - . . -...__.I_ _I_ 

E a r t i 1  Observat i v i i  

( s i ng 1 e i )  o i 11 t ) 

1 . o  
1 . o  

1 . 0  

-4  
N x l  . l X l O  - 
Nx2!J min/yr  max 

3 .  
b 

a e a r t l i  hemi sphere  

b a 

'3 e a r t h  a rc t ,  

h a 

3 e a r t h  s p h e r e  

C i s l t  
from 

- 

Nx 

- 
a 

C 



Ir 
'D oEsErxxcxox FREQUENCY 
,EAC@N CONCEPTS 

ina r Ob s c>rva t i o n  
21 s t e r a d i a n  FOV 

1 . o  
1 . 0 

a 
94" 

2t) max 

- 

n 

- 

1 . C  

3 
11 

l s lu i ia r  t:emisphcr 

b 
a 

n c i s  l u n a r  a r c h  

'b 
a 
c i s  1 unar  splie re 

O b  s c rva t ion  
Frequency 
w i t h i n  FOV 

con t inuous  

con t inuous  

con t inuous  

c on t i iiuous 

con t inuous  

c on t i n  uou s 

con t inuous  

1 \ ' . l  sec  
f l a s h  i n  I/. 
r p s  seconds 

2 5 ( , . I  s c c  
f l a s h e s  i n  
l / c p s  s e c  

irst 

N 5 0 . 1  sec 
f l a s h e s  i n  

L 
._ .. . 

: e n t e r  l i n e  ; osc  i l l  a t  i on  angle 

i e l d  Y I. 'iicw 

O r i e n t a t i o n  Requirements 

none 

'ixis o f  symmetry i i i  l i n e  w i t l i  l o c a  

Longi tudina l  a x i s  of 1 tirbe p a r a l l e l  
l a t i t u d e ;  a x i s  of syninet:ry of  l une  
mean s o l a r  selciiugrap1iic l a t i t u d e  

v e r t i c a l  

w i t h  l u n a r  
o r i e n  t ed  t o  

A t t a i n  maximum filxld of view by poiii t i i ig a x i s  
of symmetry a t  the  b i s e c t o r  of t h e  ang le  dc-  
f i ned  by local v e r t i c a l l a n d  moon-sun axes 

I 
a .  L ~ ~ : . g i t u d i n n l  a x i s  <- [  a r i !  1 a r a l l e l  w i t l i  

!!mar l a t i t u d e  a x i s  o f  symn.ctry p c i n t e d  
t o  mean s o l a r  selenc\grapl:ic l a t i t u d e  

b .  Same a s  above 

c .  Same a s  above 

Accurate  o r i e n t a t i o n  r e q u i r e d  €o r  s p e c i f i c  
e a r t l i  d e t e c t i o n  p o i n t  

90' c y l i n d r i c a l  segment r o t a t e d  t o  ic>1-11 an 
hemisphe r i ca l  approximai ion;  a x i s  o f  r o t a -  
t i o n  p a r a l l e l  w i t h  the l o c a l  v e r t i c a l  

&xis  of  o s c i l l a t i o n  i s  Derpendicular  t o  t h e  
a x i s  o f  symmetry and p a r a l l e l  t o  l o c a l  l a t i t u d e  
f o r  e a r t h  d e t e c t i o n ;  p a r a l l e l  t o  l o c a l  n e r i d i a n  
f o r  c i s l u n a r  case  

c 
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I 

t h e  h a l f  angle  of t h e  s o l a r  d i s c  o r  O.OC464 r a d i a n s .  To a t t a i n  a con- 

t i n u o u s  s i g n a l  over a g r e a t e r  f i e l d  of view, a d d i t i o n a l  f a c e t s  must be 

l o c a t e d  wi th  r e s p e c t  t o  t h e  f i r s t  f a c e t  such t h a t  t h e  s e p a r a t i o n  ang le  

between f a c e t s  i s  e q u a l  t o  h a l f  t h e  s o l a r  angu la r  subtend a t  t h e  moon, 

O.CC464 r a d i a n s ;  t h e r e f o r e ,  two f l a t s  can be seen twice a s  long a s  a 

s i n g l e  f l a t .  S i m i l a r l y ,  a d d i t i o n a l  f l a t s  can be  combined such t h a t  t h e  

s e r i e s  of f a c e t s  approximates a s p h e r i c a l  s u r f a c e .  A l t e r n a t i v e l y ,  t h e  

f a c e t s  can  be approximated by a s p h e r i c a l  cap hav ing  a d i a m e t e r ,  d s ,  

which can be c a l c u l a t e d  from the s o l a r  angu la r  subtend,  CX, and t h e  

r e q u i r e d  f l a t  s u r f a c e  a r e a ,  a ,  such t h a t  ds = 

view and,  t h e r e f o r e ,  t h e  t o t a l  t i m e  which such a s p h e r i c a l  beacon can 

be seen w i l l  depend upon t h e  angular  dimensions of t h e  s p h e r i c a l  cap .  

Since it i s  i m p r a c t i c a l  t o  make e i t h e r  t h e  s p h e r i c a l  

- . The f i e l d  of JT 

o r  t h e  hemisphe r i ca l  beacons w i t h i n  e i t h e r  the e a r t h  o r  c i s l u n a r  weight 

c o n s t r a i n t s ,  t h e  maximum f i e l d  o f  view cannot be achieved  w i t h i n  t h e  

r.7eight 1 k i . t a t i . m s  w i t h n u t  either increas ing  the complexi ty  of beacon 

o r i e n t a t i o n  problems or  r educ ing  t h e  beacon s i g n a l  viewing t i m e .  R e -  

duc ing  t h e  beacon s i g n a l  viewing t i m e  means t h a t  a f l a s h i n g  s i g n a l  must 

r e p l a c e  a cont inuous  beacon s i g n a l .  The minimum r e q u i r e d  a r e a  f o r  t h e  

e a r t h  beacon i s  a s p h e r i c a l  arch ;t4 

i n  d i ame te r .  Such an a rch  w i l l  con t inuous ly  r e f l e c t  s o l a r  r a y s  t o  t h e  

e a r t h  throughout each  l u n a r  month over  t h e  maximiin v a r i a t i o n  of t h e  

l i b r a t i o n s  of t h e  moon wi th  r e s p e c t  t o  the e a r t h ,  i f  a l i g n e d  wi th  i t s  

l o n g i t u d i n a l  a x i s  p a r a l l e l  t o  t h e  l u n a r  l a t i t u d e .  

0 
wide and * 4 5 O  long and 2790 it 

Since t h e  se lenographic  l a t i t u d e  of t h e  sun v a r i e s  IYJ 

wide and *90° l ong ,  l o c a t e 2  0 0 less t h a n  k2 , a c i s l u n a r  beacon a rch  rt47 

w i t h  i t s  l o n g i t u d i n a l  a x i s  p a r a l l e l  t o  t h e  luna r  l and ing  s i t e  l a t i t u d e  nrrd 

i t s  a x i s  of symmetry poin ted  t o  t h e  median s o l a r  s e l enograph ic  l a t i t u d e ,  

w i l l  con t inuous ly  r e f l e c t  t o  the hemisphere d e f i n e d  by the  l o c a l  hDr izo2 .  

S i m i l a r l y ,  i f  t h e  mis s ion  time i s  known, then  only a s p h e r i c a l  czp r45  

i n  every  d i r e c t i o n ,  w i t h  i t s  o p t i c a l  a x i s  po in ted  a t  t h e  b i s e c t o r  of t h e  

a n g l e  de f ined  by t h e  l o c a l  v e r t i c a l  and t h e  moon-sun axes a t  t h e  m i s -  

s i o n  t ime w i l l  be s u f f i c i e n t  t o  cover t h e  e n t i r e  hemisphe r i ca l  f i e l d  

of view bounded by t h e  l o c a l  hor izon  a t  t h e  beacon. 

17 
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It i s  shown by the  above examples t h a t  by i n c r e a s i n g  

t h e  complexity of beacon o r i e n t a t i o n ,  t h a t  t h e  maximum f i e l d  of view 

can be ma in ta ined ,  even w i t h  beacons of d e c r e a s i n g  a r e a .  S i m i l a r l y  

r o t a t i n g  beacons can r e t a i n  t h e  same f i e l d  of view a t  a s a c r i f i c e  i n  

viewing t i m e .  The sma l l e r  t h e  beacon s i z e  f o r  a s p e c i f i c  concep t ,  t h e  

less f r e q u e n t  w i l l  be the  beacon f l a s h e s  t o  a g iven  p o r t i o n  of t h e  f i e l d  

of view. 

F i g u r e  3-5 shows t h e  viewing t i m e  which an o r b i t i n g  

v e h i c l e  sees t h e  beacon s i t e  f o r  100 and 200 n a u t i c a l  m i l e  o r b i t s  Tu: 

v a r i o u s  f i e l d s  of view which a r e  symmetrical  about  t h e  l o c a l  v e r t i c a l . .  

The maximum viewing t ime i s  16 minutes ;  t h e r e f o r e ,  t h e  f l a s h  frequency 

of f l a s h i n g  beacons should be as s h o r t  a s  p o s s i b l e .  Th i s  would r e s x l t  

i n  a l a r g e  number of f l a s h e s  per u n i t  time which would i n c r e a s e  the  

chances and, t h e r e f o r e ,  t h e  p r o b a b i l i t y  of d e t e c t i o n .  Note t h a t  t h e  

maximum t i m e  pe r  o r b i t  f o r  viewing t h e  beacon s i t e ,  about 16 minutes ,  

i s  s i m i l a r  i u r  b o t h  the  100 and 290 r ; au t i ca l  =<le c r h i t s  fn r  the L O O  

n a u t i c a l  mi l e  s l a n t  range l i m i t a t i o n .  T h i s  s i m i l a r i t y  a r i s e s  becausc. 

t h e  f i e l d  of view f o r  t h e  2 C O  n a u t i c a l  mi l e  o r b i t  i s  much l e s s  t han  

t h a t  of the  100 n a u t i c a l  m i l e  o r b i t  because of t h e  400 n a u t i c a l  mile 

s l a n t  range l i m i t a t i o n .  The r e s u l t a n t  a r c  l e n g t h s  d i v i d e d  by t h e  

r e s p e c t i v e  o r b i t  v e l o c i t i e s  of 5000 f t / s e c  and 5220 f t / s e c ,  f o r  t h e  

200 and 100 n a u t i c a l  m i l e  o r b i t s ,  g i v e s  t h e  s i m i l a r  viewing times. 

For  e q u i v a l e n t  l o n g i t u d i n a l  f i e l d s  of view which a m  

symmetrical  about t h e  l o c a l  v e r t i c a l ,  t h e  t o t a l  view t i m e  f o r  t h e  100 

n a u t i c a l  m i l e  o r b i t  i s  0.5 t h a t  of t h e  200 n a u t i c a l  m i l e  o r b i t .  A s  an 

approximat ion ,  the  view t imes f o r  any o t h e r  o r b i t  h e i g h t s  f o r  a given I '  
l o n g i t u d i n a l  f i e l d  of view, thje,  can be approximated by t h e  r e l a t i o n -  

ship t h , e  - t200,e 200 where t200,e i s  t h e  200 n a u t i c a l  mile  o r b i t  
h x -  - 

and h i s  t h e  o r b i t  h e i g h t  i n  n a u t i c a l  m i l e s .  The number of f l a s h e s  

v i s i b l e  d u r i n g  t h e  one -o rb i t  pas s ,  N ,  a r e  r e l a t e d  t o  t h e  t i m e ,  th,e, 

and t h e  f l a s h  f requency ,  f ,  by t h e  r e l a t i o n s h i p  N = t f .  T h e r e f o r e ,  

t h e  f l a s h e s  v i s i b l e  i n  any o r b i t  can be i n c r e a s e d  by e i t h e r  va ry ing  
h ,e 
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t h e  o r b i t  h e i g h t ,  beacon f i e l d  of view, f l a s h  f requency  o r  t h e  o r b i t  

v e l o c i t y  a s  i n  t h e  d e c e l e r a t i o n  p r i o r  t o  t h e  LEN d e s c e n t .  

The r e l a t i o n s h i p s  between a r e a  and beacon f l a s h  w i l l  

be d i scussed  i n  g r e a t e r  b r e a d t h  under t h e  d i s c u s s i o n  of s p e c i f i c  beacon 

concep t s .  

The accuracy  of t h e  beacon s u r f a c e  w i l l  a f f e c t  bo th  

t h e  beacon f i e l d  of view and t h e  r e q u i r e d  a r e a  t o  produce a given 

s i g n a l  i n t e n s i t y .  I n  many types  of f l a t  d e s i g n s  it may be more advan- 

t ageous ,  from a weight s t a n d p o i n t ,  t o  accep t  t h e  o p t i c a l  s ag  due t o  

g r a v i t a t i o n a l  e f f e c t s  t h a n  t o  provide t h e  r i g i d i t y  necessa ry  t o  minimize 

d i s t o r t i o n .  Using a p a r a b o l o i d a l  s a g  approximation where t h e  s a g ,  

S = z, where r i s  t h e  m i r r o r  r a d i i w  and R. the mirror radi-lis of curva-  

t u r e ;  t h e  edge s l o p e  cor respondingly  i s  dr = E; t h e r e f o r e ,  t h e  a l lowab le  

m i r r o r  s ag  i s  - = - (-). Assume t h a t  t h e  maximum e r r o r  i n  m i r r o r  f l a t -  

n e s s  i s  *l minute of a r c ,  t h e n  the f l a t n e s s  t o l e r a n c e  would be *0.000147 

r 2  

dS r 

S 1 dS 
r 2 d r  

inches/rsdial inch.  

A r i m  e r r o r  of fl min. i n  f l a t n e s s  would r e q u i r e  an 

a r e a  i n c r e a s e  of 17.5 pe rcen t  t o  i n s u r e  t h e  r e q u i r e d  beacon i n t e n s i t y ,  

Correspondingly ,  t h e  a r e a  i n c r e a s e  f o r  any o t h e r  r i m  angu la r  e r r o r  

would be 

2-67 I e I )?l 
i- 0.00928 

where 8 i s  t h e  edge e r r o r  i n  r a d i a n s .  

S ince  a t o r u s  r i g i d i z e d  f l a t  i s  a t t r a c t i v e  from a weight 

s t a n d p o i n t ,  t h e  t e n s i o n ,  T ,  t h e  f i l m  t h i c k n e s s ,  t ,  and l u n a r  d e n s i t y ,  p ,  

a r e  p l o t t e d  f o r  v a r i o u s  square a r e a s ,  A ,  a s  a f u n c t i o n  of t h e  maximum 

a n g u l a r  e r r o r  on t h e  f l a t  i n  F i g .  3-6. From t h i s ,  t h e  maximum t e n s i o n  

r e q u i r e d  t o  keep a 33-p lus  square f o o t  e a r t h  beacon o p t i c a l  f l a t  

a c c u r a t e  t o  w i t h i n  il minute of a r c  would be 68 pounds, which can e a s i l y  

be a t t a i n e d  with an i n f l a t a b l e  t o r u s .  

The angu la r  p o s i t i o n s  of t h e  LEM o r  CM v e h i c l e s  a s  a 
0 

f u n c t i o n  of a l t i t u d e  a t  t h e  *5 l a t i t u d e  miss ion  c o r r i d o r  w a l l s  wi th  
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i 

r e s p e c t  t o  a beacon l o c a t e d  on the l u n a r  e q u a t o r  a r e  shown i n  F i g .  3-7. 

T h i s  i n d i c a t e s  t h a t ,  a s  t h e  lunar  o r b i t  a l t i t u d e  i n c r e a s e s ,  t h e  r e q u i r e d  

angu la r  subtend of t h e  a r c h  r equ i r ed  t o  r e f l e c t  t o  t h e  v e h i c l e s ,  d e c r e a s e s  

,(94-a% degrees .  and w i l l  be e q u a l  t o  

means t h a t  the a r c h  need on ly  be *33 

des ign  of %7O. 

For  a 50 -nau t i ca l -mi l e  o r b i t ,  t h i s  
0 

2 
wide a s  compared w i t h  a b a s i c  

F i g u r e  3-8 shows t h e  e f f e c t  of i n c r e a s i n g  o r b i t  a l t i -  

tude on t h e  viewing ang le  f o r  a f i x e d  s l a n t  range  a s  measured i n  t h e  

same l a t i t u d i n a l  plane a s  t h e  beacon r e f l e c t o r .  I f  t h e  mis s ion  a l t i -  

tude were 200 n a u t i c a l  m i l e s ,  then a minimum of CY, o r  20 , could be 

c u t  from t h e  180 l e n g t h  of t h e  r e f l e c t i n g  a r c h  and t h e  r e f l e c t o r  would 

s t i l l  ma in ta in  the  d e s i r e d  f i e l d  of view. By l i m i t i n g  t h e  phase of 

t h e  moon a t  which t h e  beacon i s  observed, t h e  beacon dimensions can  be 

reduced s t i l l  f u r t h e r  

0 

0 

3.4 M a t e r i a l s  

Beacon m a t e r i a l s  can be chosen from a wide range  of ceramics ,  

m e t a l s  and p l a s t i c s .  However, the envi ronmenta l  and des ign  c o n s t r a i n t s  

l i m i t  t h e  l o g i c a l  m a t e r i a l  choices  t o  p l a s t i c s ,  m e t a l s ,  and me ta l -  

p l a s t i c  composite s t r u c t u r e s .  Due t o  t h e  seve re  des ign  weight con- 

s t r a i n t s ,  and t h e r e f o r e  t h e  n e c e s s i t y  f o r  l i g h t w e i g h t  beacon d e s i g n s ,  

t h e  m a t e r i a l s  chosen should have h igh  s p e c i f i c  s t r e n g t h  and s p e c i f i c  

r i g i d i t y  i n  t h e  t h i n  f o i l  t h i cknesses  and l i g h t w e i g h t  s e c t i o n s .  

Tab le  3-VI summarizes many of t h e  m a t e r i a l s  which can be chosen f o r  

beacon c o n s t r u c t i o n .  

Of t h e  p l a s t i c  materials, DuPont's "Kapton" type H f i l m  has  

s u p e r i o r  tempera ture  and s t r u c t u r a l  p r o p e r t i e s .  

aluminum i s  t h e  most d e s i r a b l e .  However, e l ec t ro fo rmed  n i c k e l  can 

a c h i e v e  s l i g h t l y  h i g h e r  s p e c u l a r i t y  and w i l l  r e s i s t  micrometeoroid 

a t t a c k  b e t t e r  t h a n  aluminum. 

Of t h e  me ta l  f o i l s ,  

Micrometeoroid m i r r o r  a t t a c k  has  been c o r r e l a t e d  wi th  t h e  

d e n s i t y  of t h e  mi r ro r  m a t e r i a l ,  t h e  s p e c i f i c  h e a t  of t h e  mi r ro r  m a t e r i a l ,  

t h e  tempera ture  d i f f e r e n c e  between t h e  m i r r o r  me l t ing  p o i n t  and ambient 
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m i r r o r  tempera ture  and t h e  l a t e n t  h e a t  of f u s i o n  of t h e  m i r r o r  m a t e r i a l .  

These physio- thermal  p r o p e r t i e s  f avor  a n i c k e l  r e f l e c t o r  s u r f a c e  f o r  

minimum micrometeor i te  damage. However, aluminum r e f l e c t o r  s u r f a c e s  

w i l l  y i e l d  g r e a t e r  n e t  r e f l e c t i v e  a r e a  p e r  u n i t  weight  even a f t e r  micro-  

m e t e o r i t e  damage. 
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3.5 R e f l e c t o r  O r i e n t a t i o n  S t u d i e s  

3.5.1 Purpose of Study 

The purpose of t h e  r e f l e c t o r  o r i e n t a t i o n  s tudy  i s  

sevenfo ld :  

) of t h e  r e f l e c t o r ,  
0' % 1. Determine t h e  o r i e n t a t i o n  ang le s  ( y  

r e l a t i v e  t o  t h e  moon's s u r f a c e  , which e n a b l e  t h e  r e f l e c t e d  

l i g h t  t o  s t r i k e  a given p o i n t  on t h e  e a r t h ' s  s u r f a c e  a t  a 

s p e c i f i e d  t i m e .  

Determine the  pa th  [ @ ( t ' ) ,  Q(t ' )]  of t h e  r e f l e c t e d  l i g h t  

a c r o s s  t h e  e a r t h ' s  s u r f a c e ,  f o r  a g iven  o r i e n t a t i o n  of t h e  

m i r r o r .  

2. 

3 .  Determine i f  t h e  r e f l e c t e d  l i g h t  from t h e  f i x e d  m i r r o r  

i n t e r c e p t s  t h e  e a r t h  i n  succeeding months. 

4 .  Determine the  t imes ( t  .) t h a t  an obse rve r  on e a r t h  e n t e r s  m i  
and l eaves  t h e  cone of r e f l e c t e d  l i g h t ,  o r  merely e n t e r s  or  

le2ves t h e  : igl i i .  

5. Develop a method ( i . e , ,  mechanical dev ice )  f o r  o r i e n t i n g  

the  r e f l e c t o r  on t h e  moon's s u r f a c e .  

6. Determine t h e  per turbed  pa th  of the r e f l e c t e d  l i g h t  on the  

e a r t h ' s  s u r f a c e  due t o  e r r o r s  i n  t h e  o r i e n t a t i o n  of t h e  

r e f l e c t o r  by the  a s t r o n a u t .  

7 .  Determine the  o r i e n t a t i o n  of the  m i r r o r  which al lows the 

r e f l e c c e d  l i g h t  t o  i n t e r c e p t  t h e  Apollo v e h i c l e  o r b i t i n g  

t h e  moon. 

3.5.2 Completed Tasks 

I t e m  1 

The computation of t h e  r e f l e c t o r  o r i e n t a t i o n  a n g l e s  

cro r e q u i r e s  t h e  u s e  of Programs I and I1 ( r e f e r  t o  "Schematic of 
Y O ,  

Computer Program", Fig.  3-9) plus  the va lues  of i ( t ) ,  A ( t ) ,  n ' ( t )  

( o r i e n t a t i o n  a n g l e s  of moon r e l a t i v e  t o  e a r t h ) ,  and Xem, Ye,, Zem; 

6976-Phase I 3-28 

I 



I 

S'cr,+ U C L )  :i: 5-(tt t i l  "t) 

-7 

t 
V 

-7- 

FIG. 3-9 !XXEMATIC OF' C W P W E R  PROCRAM 





I .  

( p o s i t i o n  coord ina te s  of moon r e l a t i v e  t o  e a r t h ,  and 
'se' 'se, ' s e  
e a r t h  r e l a t i v e  t o  sun) a t  one or  one-ha l f  day i n t e r v a l s .  The l a t t e r  

s i x  c o o r d i n a t e s  w i l l  e v e n t u a l l y  be ob ta ined  from t h e  JPL ephemeris 

tapes .  For t h e  purpose of e a r l y  machine computa t ion ,  t h e s e  s i x  

c o o r d i n a t e s  have been obta ined  ( a t  one-day i n t e r v a l s )  from t h e  1962 

e d i t i o n  of the  American Ephemeris and N a u t i c a l  Almanac. Programs I 

and 11, along w i t h  i ( t ) ,  A ( t )  , n ' ( t ) ,  have been programmed on t h e  

EOS IBM 1620 d i g i t a l  computer ( r e f e r  t o  appendix) and v a l u e s  of 

y 0 have been obtained.  The r e s u l t s  of a sample c a l c u l a t i o n  are  

shown on pages 1 5  and 1 7  of t h e  September monthly r e p o r t .  
0 0  

JPL h a s  promised t o  p rov ide  EOS w i t h  t h e  e a r t h ' s  

and s u n ' s  s e l enograph ic  coord ina te s  (p h and p A ,  r e s p e c t i v e l y )  

a t  one-day i n t e r v a l s  f o r  t h e  years  1965-1980. I f  w e  make use  of 

t h e i r  r e s u l t s ,  then t h a t  p a r t  of Program I which c a l c u l a t e s  t h e s e  

c o o r d i n a t e s  can  be e l imina ted .  

e '  e s '  s 

Item 2 

The Computation of t h e  pa th  @ ( t ' ) ,  G ( t ' )  (= l o n g i -  

tude and l a t i t u d e ,  r e s p e c t i v e l y ,  of t h e  a x i s  of t h e  r e f l e c t e d  l i g h t  

cone) of the  r e f l e c t e d  l i g h t  ac ross  t h e  e a r t h ' s  s u r f a c e  r e q u i r e s  the  

use  of Programs I and 111, and the v a l u e s  y 

t o  appendix) has  been p u t  on t h e  d i g i t a l  computer and v a l u e s  of 

@ ( t ' ) ,  @ ( t ' )  have been obtained.  The r e s u l t s  of a sample c a l c u l a -  

t i o n  are shown on page 1 7  of t h e  September monthly r e p o r t .  

Program I11 ( r e f e r  
0' OO' 

I t e m  3 

I n  o rde r  t o  l e a r n  i f  t h e  r e f l e c t e d  l i g h t  from t h e  

f i x e d  ( i .e . ,  yo, o0 are f i x e d )  mi r ro r  i n t e r c e p t s  the  e a r t h  i n  succeed- 

i n g  months, t h e  computation o f  @, Q, would have t o  be i n i t i a t e d  each 

month, a t  a t i m e  when the  r e l a t i v e  p o s i t i o n s  of t h e  e a r t h ,  moon, and 

sun  would seem favorab le  f o r  such a n  i n t e r c e p t i o n .  

would c o n t i n u e  u n t i l  t h e  r e f l e c t e d  l i g h t  no longer  shone on t h e  e a r t h ,  

o r  u n t i l  i t  w a s  c l e a r  t h a t  t h i s  l i g h t  would n o t  i n t e r c e p t  t h e  e a r t h .  

Th i s  computation has  n o t  been done. 

The computation 
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1 .  I .  

I t e m  4 

The computation of t h e  e n t r a n c e  and e x i t  t i m e s  t m i  
(m i d e n t i f i e s  t h e  obse rva t ion  s t a t i o n ;  i = 1 s i g n i f i e s  e n t r a n c e ,  i = 2 

s i g n i f i e s  e x i t )  of a n  ear th-bound o b s e r v a t i o n  s t a t i o n  i n t o  and ou t  of 

t h e  r e f l e c t e d  l i g h t  cone,  r e q u i r e s  t h e  use  of Programs I and V I I ,  t h e  

va lues  of @(t') , Q(t ' )  , and t h e  coord ina te s  of t h e  s t a t i o n ( s )  0 m '  m' 
Program V I 1  w a s  p u t  on t h e  d i g i t a l  computer and a n  i n i t i a l  a t t e m p t  t o  

g e n e r a t e  t h e  t w a s  unsuccess fu l ,  due t o  the u s e  of cosH i n s t e a d  

of sinHl ( r e f e r  t o  appendix) .  

t h e  appendix,  bu t  i t  h a s  n o t  y e t  been programmed on t h e  d i g i t a l  

computer. 

Q 

m i  1' 
The d e s i r e d  Program V I 1  i s  g iven  i n  

I t e m  5 

According t o  the scheme devised  by B. E .  Kalensher 

f o r  o r i e n t i n g  t h e  r e f l e c t o r  on the moon's s u r f a c e  ( r e f e r  t o  pages 

14-15 and pages 20-23 of t h e  September and October monthly r e p o r t s ,  

r e s p e c t i v e l y )  , a knowledge of the fou r  a n g l e s  I), p ,  5 , 5 i s  r equ i r ed .  

The computat ion of I), r e q u i r e s  t h e  use  of Programs I and I V  and the  

v a l u e s  of yo ,  uoJ 6 ,  Cp (6 ,  Cp = longi tude  and l a t i t u d e ,  r e s p e c t i v e l y ,  

of r e f l e c t o r  on moon), and t h e  computation of 5 ,  r e q u i r e s  Program 

I V ( A )  and t h e  v a l u e s  of I), p. Program I V  ( r e f e r  t o  appendix) has  

been pu t  on t h e  d i g i t a l  computer and va lues  of I), p have been obt,ained. 

The r e s u l t s  of a sample c a l c u l a t i o n  are g iven  on page 15 of t h e  Sep- 

tember monthly r e p o r t .  

i t  i s  n o t  y e t  programmed on t h e  d i g i t a l  computer. 

Program IV(A)  i s  g iven  i n  t h e  appendix ,  b u t  

I t e m  6 

The pe r tu rbed  pa th ,  @(t') 3 A@,  @(t ' )  + A @ ,  o f  t h e  

r e f l e c t e d  l i g h t  on t h e  e a r t h ' s  su r f ace  can e a s i l y  be determined by 

i n t r o d u c i n g  pe r tu rbed  va lues  y + byo, oo + AU 

Since  t h e  r e f l e c t e d  l i g h t  w i l l  move a d i s t a n c e  of approximate ly  7200 

n.mi.  a c r o s s  t h e  e a r t h ' s  d i s c  per degree  change i n  y o r  u w e  see 

t h a t  Ay and Aa must be less than 3440/7200 deg. = 0.48 degrees .  A 

c a l c u l a t i o n  of t h e  per turbed  path has  n o t  y e t  been made. 

i n to ' p rog ram 111. 
0 0 

0 0' 

0 0 
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I t e m  7 

The computat ion of  t h e  m i r r o r  o r i e n t a t i o n  a n g l e s  y ,  0 

which enab le  t h e  r e f l e c t e d  l i g h t  t o  i n t e r c e p t  t h e  module o r b i t i n g  t h e  

moon, r e q u i r e s  t h e  u s e  of Programs I and V I  and t h e  p o s i t i o n  coord i -  

n a t e s  of t h e  module, x ' ( t ) ,  y ' ( t ) ,  z ' ( t ) ,  measured i n  t h e  or thogonal  

c o o r d i n a t e  system x , y , z f ixed  i n  t h e  moon. The computat ion of  

t h e  a n g l e ,  M, between the  r e f l e c t e d  r a y  and t h e  r a d i u s  v e c t o r  from t h e  

r e f l e c t o r  t o  the  module r e q u i r e s  t h e  use  of Programs I and V and t h e  

in s t an taneous  o r i e n t a t i o n  a n g l e s ,  y , CT . Programs V and V I  ( r e f e r  

t o  appendix)  have been programmed on t h e  d i g i t a l  computer,  bu t  va lues  

of y, 0 ,  M have n o t  y e t  been computed. 

' 1 1  

3.5.3 Conclusions and Recommendations 

The computer program shown i n  F i g .  3-9 should  be 

a b l e  t o  s o l v e  a l l  of t h e  geometr ica l  problems a s s o c i a t e d  w i t h  the  

proper  o r i e n t a t i o n  of t h e  moon-based r e f l e c t o r .  Although i t  w a s  

o r i g i n a l l y  in tended  f o r  t h e  r e f l e c t o r  t o  have a f i x e d  o r i e n t a t i o n  

0 t h e  computer program i s  q u i t e  a b l e  t o  de te rmine  t h e  t i m e -  
y o ,  0' 

dependent  ang le s  y ( t ) ,  o ( t )  which would enab le  t h e  r e f l e c t e d  l i g h t  

t o  con t inuous ly  s t r i k e  a s p e c i f i e d  p o i n t  on t h e  e a r t h ' s  s u r f a c e ,  o r  

con t inuous ly  i n t e r c e p t  t he  A p o l l o  v e h i c l e  o r b i t i n g  t h e  moon. 

I f  f u t u r e  s t u d i e s  r e v e a l  t h a t  t h e  r e f l e c t e d  l i g h t .  

does n o t  i n t e r c e p t  t h e  e a r t h  i n  succeeding months, t hen  i t  may become 

d e s i r a b l e  t o  d r i v e  t h e  mi r ro r  with a n  e lementary  servomechanism. The 

u s e  of a servomechanism seems p a r t i c u l a r l y  a p p r o p r i a t e  f o r  t h e  r e f l e c -  

t o r  whose l i g h t  must i n t e r c e p t  t h e  module o r b i t i n g  t h e  moon. 

I n  t h e  nea r  f u t u r e ,  i t  may become d e s i r a b l e  t o  e s t a b -  

l i s h  communications between a space probe going t o  Mars o r  Venus and 

a p o i n t  on t h e  moon's s u r f a c e .  

would be e s p e c i a l l y  a p p r o p r i a t e  over t h e s e  long d i s t a n c e s .  The c o r r e c t  

p o i n t i n g  d i r e c t i o n  of t he  l a s e r  beam could r e a d i l y  be  determined from 

t h e  p r e s e n t  computer program. 

Communicating by means. of a laser beam 
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3.6 Power Systems, D r i v e s ,  and Seals 

Any motion imparted t o  t h e  beacon w i l l  have t o  be i n i t i a t e d  

by energy ,  e i t h e r  e x t e r n a l  o r  i n t e r n a l  t o  t h e  beacon system. Various 

sources  of power are g iven  i n  Table 3-VI1 a long  w i t h  r a t i n g s  f o r  each  

system. Desp i t e  t h e  complex i t i e s  of  a p h o t o v o l t a i c  system, t h e  suc-  

c e s s e s  of p h o t o v o l t a i c  power systems i n  space s t i l l  ra te  t h i s  as t h e  

l ead ing  space  power system today. Though p h o t o v o l t a i c  systems have 

been desc r ibed  f o r  many dynamic beacon concep t s ,  thermal-mechanical 

d r i v e s  can be r e a d i l y  s u b s t i t u t e d  f o r  t h e  p h o t o v o l t a i c  system i n  some 

d e s i g n  concepts .  

Table  3-VI11 d e s c r i b e s  v a r i o u s  d r i v e s  t h a t  can be  used w i t h  

dynamic beacons. Though t h e  ac motor d r i v e  i s  l i s t e d  wi th  t h e  h i g h e s t  

r a t i n g ,  r e c e n t  developments w i t h  b r u s h l e s s  s e a l e d  dc motors i n d i c a t e  

t h a t  a d c  d r i v e  i s  almost  as r e l i a b l e  as a n  ac d r i v e .  F igu re  3-10 

d e p i c t s  a t y p i c a l  thermal  expansion d r i v e  wi th  a c l o c k  motor.  F igu res  

3-11, 3-12, 3-13, and 3-14 show v a r i o u s  proven methods f o r  s e a l i n g  

bea r ings  from t h e  high-vacuum environment inc lud ing  t h e  harmonic d r i v e ,  

l a b y r i n t h  sea l ,  and he rme t i ca l ly - sea l ed  bellows approaches.  S e a l i n g  

bea r ings  by any of t h e s e  methods should p r e s e n t  no  des ign  o r  r e l i a b i l -  

i t y  problems. 

3.7 R e l i a b i l i t y  

The r e l i a b i l i t y  of t h e  lunar-emplaced s o l a r  r e f l e c t i n g  

beacon w i l l  depend upon t h e  fo l lowing  f a c t o r s :  

1. E r e c t a b i l i t y  

2. O r i e n t a t i o n  

3. D u r a b i l i t y  i n  t h e  lunar  environment 

4.  LEM a s c e n t  d u s t  p r o t e c t i o n  

3 .7 .1  E r e c t a b i l i t y  

Beacon e r e c t a b i l i t y  i s  p r i m a r i l y  dependent upon t h e  

m o b i l i t y  of t h e  space - su i t ed  a s t r o n a u t .  Stooping and bending move- 

ments w i l l  be  d i f f i c u l t  because these  o p e r a t i o n s  reduce t h e  volume of 
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FIG. 3-10 THERMAL EXPANSION DRIVE - CLOCK-MOTOR‘ WIND-UP DEVICE 
( T h e r m a l l y  actuated shade regulates  t h e r m a l  cycle) 
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FIG. 3-13 HERMETICALLY SEALED RECIPROCATING UNIT 
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FIG. 3-14 HERMETICALLY SEALED OSCILLATING UNIT 
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t h e  p r e s s u r e  s u i t .  These movements w i l l  r e q u i r e  a d e f i n i t e  e x e r t i o n  

t o  c o u n t e r a c t  t he  changes i n  the p r e s s u r e  s u i t ,  p a r t i c u l a r l y  s i n c e  

t h e  low luna r  g r a v i t y  reduces t h e  e f f e c t i v e  weight  of t h e  a s t r o n a u t  

i n  t h e  bending process .  The manual d e x t e r i t y  of t h e  s u i t e d  a s t r o n a u t  

w i l l  be equ iva len t  t o  when one wears heavy m i t t e n s  over rubber  g loves .  

Though t h e  space s u i t  g loves  a re  designed t o  curve n a t u r a l l y ,  g r ipp ing  

small-diameter o b j e c t s  f o r  extended pe r iods  w i l l  r e q u i r e  e f f o r t  , s i n c e  

t h e  p r e s s u r e  w i t h i n  the  s u i t  tends t o  r e s t o r e  the  f i n g e r s  t o  t h e  normal 

p o s i t i o n .  The reduced s e n s i t i v i t y  of t he  gloved f i n g e r s  w i l l  p r e s e n t  

problems i n  handl ing  f r a g i l e  t h i n  f o i l s  o r  beacon s e c t i o n s .  It w i l l  

be d i f f i c u l t  t o  l i f t  t he  a r m s  higher  than  t h e  head o r  t o  hold  any 

o b j e c t  i n  f r o n t  of t he  helmet f ace  p l a t e .  

E r e c t a b i l i t y  i s  a l s o  dependent upon t h e  number of 

component assembl ies  r e q u i r e d  f o r  t h e  f i n a l  beacon assembly. Each 

assembly o p e r a t i o n  w i l l  r e q u i r e  a d d i t i o n a l  t ime which w i l l  v a r y  wi th  

t h e  movements and f o r c e s  r equ i r ed .  High assembly f o r c e s  may tax t h e  

a s t r o n a u t  and i n c r e a s e  t h e  t o t a l  assembly t i m e .  O r i e n t a t i o n  r e q u i r e -  

ments t o  maximize beacon e f f e c t i v e n e s s  a l s o  a f f e c t  e r e c t a b i l i t y .  

E r e c t a b i l i t y  r e l a t e s  t o  r e l i a b i l i t y  i n  t h a t  a beacon 

which can be r e a d i l y  assembled w i t h i n  the  schedule  wi thout  d i f f i c u l t y  

w i l l  have a h igh  p r o b a b i l i t y  of success,  and t h e r e f o r e  r e l i a b i l i t y .  

Those beacons which a r e  d i f f i c u l t  t o  e r e c t  may be l e f t  unassembled 

if t h e  a s t r o n a u t  encounters  d i f f i c u l t i e s ,  thus  reducing t h e  r e l i a -  

b i l i t y  of t h e  beacon concept .  

3 .7 .2  O r i e n t a t i o n  

Primary cons ide ra t ion  i n  the  o r i e n t a t i o n  of t h e  s o l a r  

beacons i s  t h e  accuracy  of t h e  al ignment  s i g h t i n g  and ad jus tments .  

The s i g h t i n g  accuracy  depends upon t h e  ins t rument  accuracy ,  t h e  a s t r o -  

n a u t ' s  p r e c i s i o n ,  and t h e  coupl ing between t h e  al ignment  ins t rument  

and the  beacon s t r u c t u r e .  The al ignment  ins t rument  accuracy  i s  depen- 

d e n t  upon i t s  o p t i c a l  and mechanical design.  The p r e c i s i o n  wi th  which 
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the  a s t r o n a u t  t akes  t h e  alignment s i g h t i n g s  w i l l  depend upon t h e  

a s t r o n a u t ' s  t r a i n i n g ,  the  r e l a t i o n s h i p  between t h e  helmet f a c e  p l a t e  

and the  alignment in s t rumen t ,  t h e  d e x t e r i t y  r e q u i r e d  f o r  ins t rument  

alignment and man ipu la t ion ,  and t h e  coupl ing  of t h e  a l ignment  i n s t r u -  

ment upon t h e  beacon. I f  the beacon does n o t  have s u f f i c i e n t  r i g i d i t y  

t o  wi ths tand  the  v i b r a t i o n  and shocks a t t e n d a n t  w i t h  t h e  a t tachment  

and detachment of the  alignment in s t rumen t  from t h e  beacon, t h e  a l i g n -  

ment and ad jus tment  of t h e  beacon o r i e n t a t i o n  may be a d v e r s e l y  a f f e c t e d .  

Beacon o r i e n t a t i o n  w i l l  a l s o  be dependent upon t h e  number and accuracy  

of the beacon ad jus tments  . 
The load-bear ing  s t r e n g t h  of t h e  luna r  s u r f a c e  may be 

i n s u f f i c i e n t  t o  hold t h e  a l igned  beacon w i t h i n  t h e  o r i e n t a t i o n  accuracy  

t o l e r a n c e s  even a f t e r  us ing  large pads t o  reduce  t h e  p e n e t r a t i o n  w i t h i n  

t h e  luna r  s u r f a c e .  The p r e s e n t  p e n e t r a t i o n  p r e d i c t i o n s  should be v e r i -  

f i e d  as soon as p o s s i b l e  t o  i n c r e a s e  t h e  r e l i a b i l i t y  of t h e  beacon 

des ign  and o r i e n t a t i o n .  

I f  t h e  o r i e n t a t i o n  problem i s  d i f f i c u l t ,  t i m e  con- 

suming, and i n a c c u r a t e ,  t h e  r e l i a b i l i t y  of t h e  beacon w i l l  be a d v e r s e l y  

a f f e c t e d .  

3.7.3 D u r a b i l i t y  i n  the  Lunar Environment 

Table 3-IX summarizes c h a r a c t e r i s t i c s  of the  lunar  

environment. The major p o t e n t i a l  problem areas i n  the  luna r  envi ron-  

ment are the  luna r  and beacon s u r f a c e  t empera tu res ,  the  meteoroid and 

micrometeoroid impact ,  u l t r a v i o l e t  and x- ray  r a d i a t i o n ,  the  nozz le  d u s t  

from t h e  LEM a s c e n t ,  and the lunar  s u r f a c e  bea r ing  s t r e n g t h ,  as d i s -  

cussed above. 

The luna r  temperature range w i l l  no t  a d v e r s e l y  a f f e c t  

the  s t r u c t u r a l  m a t e r i a l s  proposed f o r  the  v a r i o u s  beacon concepts .  

However, t h e  tempera ture  extremes w i l l  a f f e c t  e l e c t r o n i c  components 

and s t o r a g e  b a t t e r i e s .  High lunar tempera tures  w i l l  r educe  the  e f f i -  

c i ency  of p h o t o v o l t a i c  c e l l s  as much as 60 p e r c e n t  and may a f f e c t  
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e l e c t r o n i c  components such as p h o t o m u l t i p l i e r  t u b e s .  S p e c i f i c  r e g u l a -  

t i o n  of t h e  thermal  c h a r a c t e r i s t i c s  of t h e  components or  component 

packaging w i l l  be necessary  t o  ma in ta in  o p e r a t i n g  tempera tures  w i t h i n  

d e s i r e d  l i m i t s .  

Micrometeoroid impact i s  s t i l l  be ing  s t u d i e d  i n  space 

probes  and ground experiments.  Such a wide v a r i a t i o n  i n  e m p i r i c a l  and 

a n a l y t i c a l  r e f l e c t a n c e  degrada t ion  tes ts  e x i s t s ,  t h a t  t h e  e s t i m a t i o n  

of deg rada t ion  c h a r a c t e r i s t i c s  of any r e f l e c t i v e  s u r f a c e s  i s  d i f f i c u l t  

t o  p r e d i c t .  P r e d i c t i o n  of t h e  d u r a b i l i t y  of i n f l a t e d  b a l l o o n s  and 

t o r u s e s  and t h i n - s h e l l ,  s e l f - r i g i d i z e d  s t r u c t u r e s  i s  a l s o  d i f f i c u l t .  

Based on e a r l i e r  a n a l y t i c a l  and e m p i r i c a l  i n v e s t i g a t i o n s  a t  EOS, i t  ap- 

p e a r s  t h a t  a r e f l e c t a n c e  l o s s  of as much a s  50 pe rcen t  per  y e a r  should 

be a c o n s e r v a t i v e  f i g u r e .  The u n c e r t a i n t y  i n  t h i s  f i g u r e  accounts  f o r  

t h e  l a r g e  beacon a r e a  f a c t o r  of s a f e t y .  

High-energy u l t r a v i o l e t  and pro ton  r a d i a t i o n  w i l l  a l s o  

reduce  t h e  s u r f a c e  r e f l e c t a n c e .  A p r e s e n t  ground experiment funded by 

NASA/Langley i s  i n v e s t i g a t i n g  t h i s  phenomena f o r  e l ec t ro fo rmed  n i c k e l  

and vacuum overcoa ted  p l a s t i c - c o a t e d  aluminum p a n e l s .  

3.7.4 LEM Ascent Dust P r o t e c t i o n  

Methods of p r o t e c t i n g  t h e  beacon r e f l e c t i v e  s u r f a c e s  

from t h e  d u s t  c r e a t e d  by t h e  LEM a s c e n t  i nc lude :  

1. R e f l e c t o r  O r i e n t a t i o n .  I f  t h e  r e f l e c t o r  i s  o r i e n t e d  such 

t h a t  t h e  r e f l e c t i v e  s u r f a c e  does n o t  see t h e  LEM v e h i c l e ,  

t h e n  t h e  r e f l e c t i v e  s u r f a c e  w i l l  n o t  r e c e i v e  d i r e c t  impinge- 

ment of d u s t  p a r t i c l e s  o t h e r  t h a n  those  whose t r a j e c t o r y  l o b s  

t h e  p a r t i c l e  onto the r e f l e c t i v e  s u r f a c e .  I f  t h e  beacon i s  

o r i e n t e d  ups ide  down d u r i n g  t h e  LEM a s c e n t ,  then no p a r t i c l e s  

w i l l  d i r e c t l y  s t r i k e  t h e  r e f l e c t i v e  s u r f a c e .  However, t h i s  

upside-down o r i e n t a t i o n  i s  not  p r a c t i c a l  f o r  a l l  beacon 

concep t s .  
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Coated R e f l e c t o r .  The r e f l e c t o r  s u r f a c e  c a n  be overcoated 

w i t h  a subl iming m a t e r i a l  which w i l l  b o i l  o f f  o r  e v a p o r a t e  

under the e f f e c t s  of u l t r a v i o l e t  and s o l a r  r a d i a t i o n .  This  

c o a t i n g  w i l l  reduce the  d e g r a d a t i o n  caused by d i r e c t  d u s t  

impact and can  s e r v e  as a g a s  b e a r i n g  f o r  the removal of d u s t  

p a r t i c l e s  on s u r f a c e s  which o s c i l l a t e  o r  are s t e e p l y  i n c l i n e d .  

Such a c o a t i n g  may have l i t t l e  o r  no  v a l u e  i n  the remcval of 

d u s t  from s u r f a c e s  which are h o r i z o n t a l .  

Sh ie lds .  Smaller beacons can  u t i l i z e  a p l a s t i c  o r  f o i l  

s h i e l d  placed on t h e  b l a s t - o f f  s i d e  of t h e  r e f l e c t o r  which 

can  be  swung ou t  of the  way a f t e r  t h e  LEM v e h i c l e  has  de- 

p a r t e d .  Such a s h i e l d  could c o n s i s t  of a l e a n - t o  f o i l  o r  

p l a s t i c  shee t  which u t i l i z e s  a camphor p l u g ,  mousetrap-type 

mechanism as a t iming and removal d e v i c e .  The camphor p l u g  

w i l l  e v e n t u a l l y  evaporate .  When evapora t ed ,  it w i l l  a c t i v a t e  t h e  

release mechanism. 

P h y s i c a l  Locat ion.  Depending on t h e  m o b i l i t y  of t h e  a s t r o -  

n a u t ,  it may b e  p o s s i b l e  t o  c a r r y  t h e  beacon package t o  a 

s i t e  away from t h e  immediate v i c i n i t y  of t h e  LEM v e h i c l e .  

Th i s  p r e f e r r e d  s i t e  would a l s o  improve beacon r e l i a b i l i t y .  

Beacon Concepts 

The beacon concept a n a l y s i s  ma t r ix ,  Table  3 - X ,  sumrrarizes 

v a r i o u s  e a r t h  and c i s l u n a r  beacon concep t s .  Note t h a t  some very i n -  

p r a c t i c a l  beacon concep t s  a r e  included f o r  i l l u s t r a t i v e  and compara- 

t i v e  purposes .  Sketches of t h e  concep t s ,  a d i s c u s s i o n  of advantagcs 

and d i sadvan tages ,  and a ma te r i a l  and weight a n a l y s i s  a r e  inc luded  

a s  backup m a t e r i a l .  

Est imated rough c o s t s  f o r  t h e  v a r i o u s  beacon conceFts  a r e  

shown i n  Tab le  3 - X I .  P r o b a b i l i t y  of photographic  d e t e c t i o n  ana lyses  

f o r  s e l e c t e d  beacon concep t s  a re  given i n  Appendix C .  
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Beacon C l a s s i f i c a t i o n  Type 

EARTH BEACONS 

1.1.1 Sphere 

1.1.4 Cap 

1.2.3a F l a t  (frame & p a n e l )  

1 .2 .3  F l a t  ( t o r u s  - s t r e t c h e d )  

1 .2 .3  F l a t  ( s t r e t c h e d  f i l m )  

2 .2 .3  Track in3  F l a t  

2.3.2 Sun Pumped Laser 

c I S  LUN.\K BEACONS 

1.1.1 Sphere 

1.1.4 Cap 

1 .2 .4  Faceted b.rch 

2.1.2 O s c l l l a t i n g  Cap 

2.1.3 R o t a t i n g  o r  O s c i l l a t i n g  
C y l i n d r i c a l  Segment 

2 .2 .5  O s c i l l a t i n g  Faceted Arch 
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-- _. 
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We i g  h t 
( e a r t h  
pounds 

-400,003 

20 

20 

19.5 

2 3  

18.1 

-20 - 30 

52.8 

5 .O 

5 - 0  

5 .0 

4.8 

4.9 

Beacon 
Volume 
(cub ic  

f e e t )  

-10,930 

1 .o 
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1 .o 

1 .o 

1 .o 
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1.3 

0.25 
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TABLE 3-X 

BEACON CONCEPT ANALYSIS MATRIX 

___. 

Beacon S i g n a l s  
p e r  u n i t  time 
luna r  day - 7d 
minute - min 

Continuous 

l / ? d ;  once o r  
~ w i c  e /  y e a r  

3 t i m e s j y e a r  
- 

12  t i rnes/year  

9 t i m e s / y e a r  

Con t i nu o (1 s 

Continuous 

Con t i i iuou s 
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- l / s c c  
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.1G min cone 

* 16 m i l l  cone 
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r \ t i t  i i i l i  . ' .L s t e r a d i a n s  
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o r  f o i l  

'11 -Kap ton- A1 
composite 

til -Kap ton-  A 1  
compo s i t e 

A 1  honeycomb 
o r  f o i l  

'21 pane l s  - 
c o l l e c t o r  

A I - K 1' LO n - .'% 1 
coiiipos i t c  

Al-Kaptoil-i'il 
c ornpo s i t  e 

:i 1 

Al-Kap ,011- A1 
composite 

A 1  sheet 

A 1  sl ieet  

Yes - ( 3 )  

YVS - ( 1 2 )  

Yes - ( 9 )  

S e  If - 
o r i e n t i n g  

S c l f -  
o r ien i in : :  

None 

Yes 

Yes 

Yes 

NO 

Y C  S 

Non 

No n 



:on Motion 

? 

3 

I 
:king 
:h & sun 

.king of 
lh & sun 

3 

1 
3 

I 

illatnry 

iry or 
-1 lacory 

l l a t o r y  

Power 
Requirements 

None 

None 

None 

None 

??one 

Pho tovo 1 t a i c  
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E r e c t i o n  and 
O r i e n t  a t  i on  

T i r i c  
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15 

30 

30 

10 

10 

5 

5 

79 

15 

10 

10 
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0.96 
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I 

I 

.I\LUMINUM FOIL 
K A PTOP; 

'- ETCHEC AIUMIk'Uh' 
FOIL 

FIG. 3-15 SPHERICAL INFLATABLE REFLECTOR (1 .1 .1 )  
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1.1.1 Sphere 

Advantages , 
Omnidi rec t iona l ,  2n s t e r a d i a n  f i e l d  of view 

Continuous S igna l  

Smaller  diameter s t r u c t u r e s  of s i m i l a r  des ign  a r e  
space  - q u a l i f i e d  . 
D i s  a dvant ages  

Weight and volume exceed des ign  c o n s t r a i n t s  by ove r  

4 o r d e r s  of magnitude, u s ing  a s t r u c t u r a l  des ign  

a p p l i c a b l e  t o  much s m a l l e r  beacons.  

Sphere of t h i s  d iameter  (2790 f t )  p robably  i m p r a c t i c a l  

t o  make. 

P o s s i b i l i t y  of f a i l u r e  due t o  micrometeor i te  damage i s  

ex t remely  high.  

2n s t e r a d i a n  f i e l d  of view i s  n o t  necessa ry  f o r  an 

e a r t h  beacon. 
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ALUMINUM FOIL /- 
KAPTON FILM 

A - A  ETCHED ALUMINUM FOIL 

INFLATED REFLECTOR 
(SE L F  RIGID IZING) r 

A I .INFLATED TORUS 
(SELF RIGIDIZING) 

NON-RELECTIVE FILM 
(NOT SELF RIGIDIZING) 

KAPTON FILM 

F I G .  3-16 S E L F - R I G I D I Z I N G  INFLATABLE CAP BEACON (1.1.4) 
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\REF L E C TOR PANELS 

\ 

TILT 

6976-Phase I 

TELESCOPING LEGS 1 

FIG.  3-17 FLAT EARTH BEACON (frame and panel  d e s i g n )  ( 1 . 2 . 3 )  
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ALUMINUM FOIL 

KAPTON 

ETCHED ALUMINUM FOIL 

STRETCHED FLAT REFLECTOR 

i- 
I i INFLATED TORUS - 

[SELF RIGIDIZING 

- .  / -  

TELESCOPING LEGS AND PADS 

FIG. 3 - 1 8  TORUS STRETCHED FLAT BEACON ( 1 . 2 . 3 )  
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POLYMIDE TENSION CABLES 

\ 

FIG. 3-19 STRETCHED FILM FLAT BEACON (1.2.3) 
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0 
DRIVER Na 3 

LINES SUNS RAYS UP WITH 
EARTH (OR WITH SENSORS) 

B DRIVER 1L2 CONTROLLED BY EARTH 
SENSOR 
DRIVER 3814 CONTROLLED BY SUN 
SENSOR 

FIG. 3-20 TRACKING FLAT EARTH BEACON (2.2.3) 
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2.3.2 Sun Pumped Laser 

Advantages 

High intensity collimated source. 

Beacon signal can be modulated to provide telemetering 

information. 

Disadvantages 

Lunar hardware has not been developed 

Present designs probably exceed weight constraints 

Detection could be difficult due to small field of view 

6976-Phase I 
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I 

-GUY WIRES 

- STAKES 

-FACETED CYLINDRICAL 
REFLECTORS 

FIG. 3-21 FACETED ARCH (1.2.4) 
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ALUMINUM - KAPTON 7 
\ 
i 
1, 

\ 
i 

\ 

SELF RlGlDlZED ALUMINUM - KAPTON- ' ETCHED ALUMINUM TORUS 

DZIVE MECHANLSM \ 
\ \ \ 

\ \ 

i / 
LSOLAK CELL L  SOLA^^ CELL L I M I T  swi-rcii 

*80° 

PANEL 

FIG. 3-22 OSCILLATING CAP BEACON ( 2 . 1 . 2 )  
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r REFLECTOR SUPPORT SPOKES 

-CYLINDRICAL REFLECTOR 
SEGMENTS 
ALUMINUM PANELS i 

/- SOLAR PANEL 

TELESCOPING TRIPOD 

AC GEARMOTOR 
(WITH INVERTER) 

F I G .  3-23 ROTATING OR OSCILLATING CYLINDRICAL SEGMENT ( 2  - 1  - 3 )  

6976-Phase I 3 -66 



& 
0 
U 
0 
aJ 
4 
w 
aJ 
& 

M 
C 
d 
N 
.4 
rl 
.4 
U 
3 

a 
d 
aJ 
C 
m a 
m 
a 
C 
0 

a C 
-4 

i 

n 
m 
W 

3 
'0 
m 
cn 
-4 ca 1 m 

$4 
0 

Frr 

I4 
0 

Frr 9 
d 
X 

2 
0 0 
9 cv 
0 l-4 

m 
d 

0 

o m  m o  olu 

maJ c u  
m 3  
u 

f ia 0 0  

2 
.d 
cd 

- co 
a 00 

N U 
G 
0 
u 

N 0 
b 

0'0 hl 
0 -  

m x u  
x 

E 
m 

x c r .  x 2 
.d a 

. -  
E b  
m m  -4 a r 

- 
h 
0 

$4 
0 
u 
2 a m 

d 
aJ 
C 
(II 
PI 

iJ 
N C  
-4 0 
$4 *d o u  

C 
0 
-4 
U 

U 

3 4 
cd 
U 
0 
H 

5 
5 
C 
-4 

7 4  
4 

5 
C 

0 
3 
'c) 
C 
H 

u u  
( 0 3  
*rl k 
m u  

5 
C 

a 
3 
0 
-4 
$4 
m 
3 

c a  
m c  
$ 4 0  
H V  

$4 aJ 
C 
.A 

a 
d 
aJ 
C 
m 
PI 

m 
U 

g. u 
t o .  
C h  
*d co 
a m  e 
U 

u 
(0 V I . .  
M - a  
01 C 

. .  
m 
aJ 
J3 

Ll 
0 
u 
0 
0) 

M 
C 

$ 4 -  
O M  
a a  a x  
3 m d  

aJ 
4 
M 
C 
-d 
UY 

.d c 
UY 

6976-Phase  I 

3-67 



DRIVE SYSTEM 

/ 
/-- REFLECTOR PANELS 
/ ALUMINUM SHEET 

I 
I 

su 

/ 

i 

I 

L SOLAR 

F I G .  3 - 2 4  OSCILLATING ARCH 

I 
I 

PPORT 

- TELESCOPING LEGS 

PANELS 

BEACON (2.2.5) 

FRAME 

6976-Phase I 3 -68 



V 
*o 

0 
U 
o 
PI 

4 
W 
bo 
Q) 
c3 

m 
h 

W 

0 
bo 
C 
-d 

W 
0 3 U &  
C P C V  m 

U 
W 

U 
\ 
d 

v) 
U 
C 

B s u 

rl 
n 0 m m  
'V  

0 

t 
W 

b aJ o a  
u-l 3 

n al 
0 

s" 
- & - 0 
VI W 
0 
0 

8 
1 d x s u  
d 
0 
3 0 

0 a 
d 

m 
hl 
0 
hl 

0 

h 
m 
0 

m 
l4 

0 

m 
hl 

0 

0 
VI 
0 0  
h l m  VI 

0 
d 6  o u  . .  

0 0  0 0 
r c m  
c c  arc 

0 

9 e 
0 0 6  
N m  
orc 
-7) 
0 

0 

x 

0 
n 

5 
- 
\ 
d 

c3 z 
Y 

X -  3- 
32 
\ I  
m d  

m 
h 

* 
X 
.j 

- - 
h 
0 
d 

I 
A X  

k 
0 
U 

2 
C 
0 

.rl 
U 

VI 

hl 

N 
Io 
d 
aJ 
C 
m 
pc 

-0 
QI 
N 

.I4 
k 
0 

a .a 
S j :  

i 9 
C 

3 
C 

5 
C 

4 
C 

Io 
3 
0 

W 
1 
0 C 

H 

. .  
Io 
C 
m 
k 
H 

.rl 

3 -I4 
b 
m 
3 2 e" d e c" 

n 

V 
U 
Q) 

u { E 

0 
V 

k 
0 

l4 
d & 

0 
U 
0 
aJ 

b 
boa c c  

k 
PI 
U 
Ll 

E 
H 

U 
b TJ a', 
0 O Q  a a m  a de( 
3 b  

H 4  

0 
Q) 
Y 
0 a 

k 
m 
Q) 
c3 v1 

6976-Phase I 

3 -69 



APPENDIX A 

BEACON PHOTOMETRIC ANALYSIS 
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, 

APPENDIX A 

BEACON PHOTOMETRIC ANALYSIS 

1. DETECTION VARIABLES 

The r e f l e c t i v e  area requ i r ed  f o r  t h e  d e t e c t i o n  of l una r  beacons 

depends upon t h e  fo l lowing  v a r i a b l e s :  

1. Background b r i g h t n e s s ,  

b 2. Beacon r e f l e c t a n c e  , r 
3.  Sun-moon-instrument phase a n g l e ,  8 

4 .  Ins t rument  beacon range,  R 

5. I n t e g r a t e d  ins t rument  o p t i c a l  t r a n s m i t t a n c e ,  

6. I n t e g r a t e d  ins t rument  angular r e s o l u t i o n  as a f u n c t i o n  of 

Bf 

Tt 

a p e r t u r e ,  ins t rument  e r r o r s ,  a tmospher ic  s ee ing  (and f o r  

photographic r e c o r d s  of t h e  d e t e c t o r  e r r o r s ) ,  p 
7 .  Atmospheric t r ansmi t t ance ,  T 

8. 
e 

C o n t r a s t s  r e q u i r e d  f o r  a g iven  d e t e c t o r  and p r o b a b i l i t y  of 

d e t e c t i o n ,  Cv - v i s u a l ,  C - photographic  
P 

9 .  Lunar beacon l o c a t i o n  

The fo l lowing  s e c t i o n s  d e s c r i b e  t h e  a n a l y s i s  r e q u i r e d  f o r  beacon 

s i z i n g ,  the  major v a r i a b l e s  i n  d e t a i l ,  r e p r e s e n t a t i v e  c a l c u l a t i o n s ,  

and beacon area recommendations. 

2. CAMERA PHOTOMETRY THEORY 

With a camera, t h e  f i e l d  b r i g h t n e s s ,  B f ,  i s  decreased  only by t h e  

atmospheric and camera t r ansmi t t ance  l o s s e s ,  T and T SO t h a t  t h e  

appa ren t  f i e l d  b r i g h t n e s s ,  B a f ,  a t  the d e t e c t o r  i s  
e t '  

6976-Phase I 
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0 
But B i s  r e l a t e d  t o  t h e  luna r  f i e l d  a lbedo  or  r e f l e c t a n c e  a t  0 phase 

a n g l e ,  a 

KG, t h e  s o l a r  i l luminance  of the  moon, E s ,  and x S O  t h a t  

f 
t h e  phase ang le  r e f l e c t i o n  r a t i o  f o r  a g iven  luna r  l o c a t i o n ,  

f ’  

- Ke af Es 
Bf - fl 

There fo re ,  from E q s .  1 and 2 

and 

where 

where 

f . 1 .  N = -  
DO 

There fo re ,  from E q s .  3 ,  4 ,  and 5 ,  

S ince  t h e  beacon s i z e  w i l l  be l e s s  than the  r e s o l u t i o n  l i m i t  of 

t h e  d e t e c t i o n  in s t rumen t s ,  i t  can be cons idered  as a p o i n t  source 

having  an image which i s  a d i f f r a c t i o n  p a t t e r n ,  84 percen t  of t h e  

energy  f a l l i n g  i n t o  t h e  A i r y  or f i r s t - d i f f r a c t i o n  d i s c .  The i l l u m i -  

nance of the  image from a p o i n t  s o u r c e ,  Eab,  i s  then r e l a t e d  t o  t h e  

i n c i d q n t  i l l uminance ,  

f . l . ,  t h e  t r ansmi t t ance  loss, T t ,  and t h e  i n t e g r a t e d  r e s o l u t i o n  l i m i t ,  

t h e  o b j e c t i v e  d i ame te r ,  Do, f o c a l  l e n g t h ,  Eob ’ 

P ,  by 

6976-Phase 1 A- 2 



D -72 
I o :  

p f .1.J = 0.84 T t  Eob 
Eab -- 

Note t h a t  t h e  a n g l e ,  p, approaches c1.22 h/D 3 f o r  p e r f e c t  s e i n g  where 

h i s  t h e  l i g h t  wavelength.  
0 

Eob i s  r e l a t e d  t o  t h e  beacon appa ren t  s o l i d  

angular  subtend ,  Ob,  t h e  s o l a r  s o l i d  angu la r  subtend  a t  t h e  beacon, 

and the  beacon i l l uminance ,  E b ,  and t h e  a tmospher ic  t r a n s m i t t a n c e ,  Te 3 

so  t h a t  

, 

n. 
b 

S 

- 
Eob - Te Eb ( 9 )  

b u t  t h e  beacon i l luminance  i s  d i r e c t l y  r e l a t e d  t o  t h e  i n c i d e n t  s o l a r  

i l luminance  , E s ,  and beacon r e f l e c t a n c e ,  rb: 

- 1  Eab - Eaf Eab 

P Eaf Eaf  
c =  - 

E = E  r b s b  

and t h e  beacon angu la r  subtend is  r e l a t e d  t o  t h e  p r o j e c t e d  beacon 

area , a cosO/2 ( i . e .  , t h e  beacon m i r r o r  must be pe rpend icu la r  t o  t h e  

b i s e c t o r  of t h e  phase ang le  t o  be seen)  and t h e  r ange ,  R ,  so t h a t :  

e 
a cos- 2 

2 n =  
b R  

Combining Eqs. 6 ,  8,  9 ,  10, and 11 

e 
0.84 T T a cos- E r e t  2 s b  

n R p N  
(12) - 

2 2 2  Eab - 
S 

The appa ren t  f i e l d  and beacon i l l uminances  are r e l a t e d  t o  the  

photographic  c o n t r a s t  f o r  d e t e c t i o n ,  C , by t h e  term 
P 

6976-Phase I A- 3 



By d i r e c t  s u b s t i t u t i o n  of Eqs. 7 and 12 i n t o  Eq. 13 

e 
3.36 a cos- r 2 b  

2 2  c + 1 =  
KO af Qs P R P 

Transposing 

Note t h a t  t h i s  r e l a t i o n s h i p  i s  independent  of t h e  s o l a r  i l l uminance ,  

t r ansmi t t ance  v a l u e s ,  and f/number (N) , except  as they a f f e c t  t h e  

c o n t r a s t  and r e s o l u t i o n  v a l u e s ,  of t h e  system. 

cond i t ions  govern t h e  r e s o l u t i o n  a n g l e ,  f3, t h e  camera d iameter  w i l l  

on ly  a f f e c t  t h e  f i l m  speed used and t h e  t i m e  over which see ing  condi -  

t i o n s  are i n t e g r a t e d .  

I n  cases where see ing  

A log-log p l o t  of t h e  a r e a  f a c t o r ,  ar / ( C  + l ) , v e r s u s  p y i e l d s  
b P  

a series of s t r a i g h t  lines f o r  each phase angle .  The v i s u a l  and 

photographic  beacon areas a r e  both c l o s e l y  r e l a t e d .  

are p l o t s  f o r  ranges  of 400 n a u t i c a l  m i l e s  and 207,000 n a u t i c a l  m i l e s ,  

earth-mobn mean d i s t a n c e ,  r e s p e c t i v e l y .  

F igu res  1 and 2 

L e t  us  now compare v i s u a l  t e l e s c o p e  theory  wi th  the  above. 

3. VISUAL TELESCOPE PHOTOMETRY THEORY 

The appa ren t  f i e l d  b r igh tness  of a t e l e scope  can be reduced i f  

t h e  e x i t  p u p i l ,  d ,  i s  smaller than  t h e  eye  p u p i l ,  d which i s  t h e  
2 case f o r  a s t ronomica l  t e l e scopes ,  by t h e  r a t i o  of t h e i r  areas,  (d/de) 

s o  t h a t  

e ’  

- (“j2 Bf 
e Baf - Te Tt d 

which i s  t h e  same as Eq. 1 when d = d e 
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By combining Eqs. 2 and 16 

(d+2 KG a f  Es 
Jl e Baf Te Tt d 

The apparent  b r i g h t n e s s  of t he  beacon, Bab, and t h e  appa ren t  i l l u m i -  

nance are r e l a t e d  t o  t h e  s o l i d  angle  subtended by t h e  eye ,  w a f t e r  

magn i f i ca t ion ,  M ,  of  t h e  ang le  r e so lved ,  p ,  by 
e’ 

Now Eab i s  r e l a t e d  3 t h e  inc iden  

c a t i o n  and t r a n s m i t t a n c e  by 

and t h e  magnif i- Eob’ i l l uminance ,  

- M2 Eab - Tt Eob 

By s u b s t i t u t i n g  Eqs.  9 ,  10, 11, and 20 i n t o  E q .  19 

e 
T T E r a cos- 2 

(21)  
t e s b  

‘ S ’ I  p R 4 s  

- 
2 2  Bab - 

r equ i r ed  f o r  beacon r e f l e c t i o n  i s  r e l a t e d  cv , Now t h e  v i s u a l  c o n t r a s t  , 
t o  B and B by 

ab  a f  

1 Bab - Baf Bab 

Ba f Ba f 
- - -  - c =  

V 
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There fo re ,  combining Eqs. 1 7 ,  21,  and 22 y i e l d s  

f 

e 2 
2 b e  4 a cos- r d 

2 2 2  c + 1 =  
V 

KO a f  os d P R 

Recombining and s e t t i n g  4 = [3.36/0.84] 

d - 2  
arb r-% = 

Ke af Os R 2 2  p 
e 

3.36 cos- 2 
0.84 (cV + 1) !-d -I 

Note t h a t  t h e  r i g h t  s i d e  of t h e  equat ion  i s  t h e  same as Eq. 15 and 

t h a t  t h e  l e f t  s i d e  d i f f e r s  on ly  by t h e  s u b s t i t u t i o n  of C f o r  C and 

t h e  f i e l d  b r i g h t n e s s  r e d u c t i o n  r a t i o  of (d/d ) and t h e  f a c t  t h a t  eye 

c o n t r a s t  va lues  a l r e a d y  i n t e g r a t e  t h e  0.84 Airy  d i s c  energy c o l l e c t i o n  

f a c t o r .  The re fo re ,  w i th  t h e  s u b s t i t u t i o n  of t h e  l e f t  s i d e  o f  Eq. 24 

f o r  t h e  l e f t  s i d e  of Eq. 15 ,  Figs .  1 and 2 can be  used f o r  both photo- 

g raph ic  and v i s u a l  beacon c a l c u l a t i o n s .  Note t h a t  Eq. 24 i s  independent 

of t he  s o l a r  i l luminance ,  t r ansmi t t ance ,  and t e l e s c o p e  d iameter  va lues  

excep t  as they  a f f e c t  t h e  c o n t r a s t  and r e s o l u t i o n  va lues  of t h e  d e t e c -  

t i o n  system. 

V P 2 
e 

The e x i t  p u p i l ,  d ,  i s  a func t ion  of t h e  t e l e s c o p e  o b j e c t i v e  

d iameter  and m a g n i f i c a t i o n  so t h a t  

0 d = -  
D 

M 

Equat ion  24 then  becomes 

2 2 2  
ar d KO af fls R P b e - 

e - 
3.36 cos- 2 

0.84 (C + 1) L D ~ ~  
V 

where M/D i s  the  magn i f i ca t ion  pe r  u n i t  d iameter .  
0 
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I 

Now l e t  U S  ana lyze  Eqs. 15 and 16 b e f o r e  d i s c u s s i n g  C and C P V 

i n  depth.  For any g iven  phase a n g l e  and l and ing  s i t e ,  t h e  terms 

ICe a f  Cl /3.36 a r e  c o n s t a n t .  Both KO and a 

s e c t i o n .  The re fo re ,  t h e  beacon a r e a  v a r i e s  as t h e  squa re  of the  range 

and the  square of t h e  r e s o l u t i o n  ang le .  For any g iven  viewing c a s e ,  

t h e  range w i l l  be c o n s t a n t .  Therefore ,  t h e  r e s o l u t i o n  a n g l e  chosen 

w i l l  be a major f a c t o r  i n  determining beacon a r e a .  This cho ice  i s ,  

t h e r e f o r e ,  the  s u b j e c t  of a complete s e c t i o n .  Looking a t  t h e  l e f t  

s i d e  of Eqs. 15 and 16,  the  a r e a  w i l l  be i n v e r s e l y  p r o p o r t i o n a l  t o  

t h e  beacon r e f l e c t a n c e .  Of a l l  the  v a r i a b l e s  i n  each e q u a t i o n ,  t h i s  

probably has  t h e  g r e a t e s t  p o s s i b l e  range  i n  va lues  depending on t h e  

deg rada t ion  a n a l y s i s  and space micrometeoroid d a t a  one u s e s .  There- 

f o r e  beacon r e f l e c t a n c e  i s  a l s o  the  s u b j e c t  of a s e p a r a t e  s e c t i o n .  

are d i scussed  i n  ano the r  
S f 

Both equa t ions  have similar terms ( C  + 1) and C + 1)  r e l a t e d  P V 

t o  photographic and v i s u a l  d e t e c t i o n  c o n t r a s t  r e s p e c t i v e l y .  

be shown t h a t  bo th  C and C a r e  less  than 1 so t h a t  the beacon a r e a s  

r e q u i r e d  are r e l a t i v e l y  i n s e n s i t i v e  t o  c o n t r a s t  changes. The c o n t r a s t  

v a l u e s  w i l l  be d i scussed  i n  t h e  next  s e c t i o n .  

It w i l l  

P V 

F i n a l l y ,  t h e  v i s u a l  d e t e c t i o n  i s  h i g h l y  dependent on the  magni f i -  

c a t i o n  per  u n i t  t e l e s c o p e  diameter where i n  p r a c t i c e  t h e  r a t i o  w i l l  be 

between 0.4 and 2.0 f o r  most c o n d i t i o n s .  Since the  p r a c t i c a l  magni f i -  

c a t i o n  per  u n i t  t e l e scope  diameter seems i n v e r s e l y  p r o p o r t i o n a l  t o  

see ing  c o n d i t i o n s  which l i m i t  F most of t h e  t ime,  us ing  l i m i t e d  d a t a  

by Bowen, t hen  the  area of t h e  beacon appears  t o  va ry  as p which 

i n d i c a t e s  the  g r e a t  dependence of beacon d e t e c t i o n  on see ing  condi- 

t ions .  

4 
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4 .  CONTRAST 

The degree of photographic  or v i s u a l  c o n t r a s t  r e q u i r e d  f o r  

d e t e c t i o n  i s  dependent on both the d e s i r e d  p r o b a b i l i t y  of d e t e c t i o n  

and t h e  d e t e c t o r  e f f i c i e n c y .  

4 .1  Photographic  c o n t r a s t  

Photographic  c o n t r a s t  used h e r e i n  i s  g iven  by 

- 1  Eab - Eaf Eab 

P Eaf Eaf  
c =  - 

Films are c l a s s i f i e d  i n  t e r m s  of development c o n t r a s t ,  y ,  

d e n s i t y  d i f f e r e n c e s ,  A D ,  where D = log  l / t r a n s m i s s i o n ,  and A l og  I ,  

t h e  d i f f e r e n c e s  i n  t h e  logs  of  the  exposures  i n  meter-candle-seconds,  

s o  t h a t  

AD 
= A log  I 

b u t  

s o  t h a t  

(29) 
- A D  - A D  - - A D  

Eab 

Eaf  

= A log E t  l og  E t - log Eaf  t 
log  - a b  

For  each photographic  f i l m  the re  i s  a n  r m s  g r a i n i n e s s  d e n s i t y  v a r i a t i o n  

of s t anda rd  d e v i a t i o n ,  0 ,  where o i s  measured i n  t h e  same u n i t s  as D .  

For a d e t e c t i o n  p r o b a b i l i t y  of 99 .7  p e r c e n t ,  a d e n s i t y  d i f f e r e n c e  AD 
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, 

of 3a i s  r e q u i r e d .  

ured a t  f i e l d  b r i g h t n e s s  exposure ene rgy ,  I f ,  l e v e l .  a i s  measured 

from microdensitometer readings and w i l l  v a r y  accord ing  t o  t h e  s l i t  

w i d t h ,  d ,  of t h e  microdens i tometer ,  which ranges  from 5 t o  25 microns 

(0.0002 t o  0.001 inch)  wide according t o  t h e  r e l a t i o n s h i p  

y i s  t h e  s lope  of t h e  D v e r s u s  log I curve  meas- 

There fo re ,  t h e  microdensitometer used t o  e v a l u a t e  l u n a r  photographs 

should have t h e  same width as  the s l i t  used i n  t h e  r m s  g r a i n i n e s s  

measurement , t o  achieve  t h e  r e s u l t s  p r e d i c t e d  from theory.  

For minimum see ing  d i s t u r b a n c e s ,  t h e  f i l m  exposure t i m e  

should be s h o r t  and,  t h e r e f o r e ,  t h e  exposure index high.  Exposures,  

t ,  1/25 second or l e s s  a r e  d e s i r a b l e .  The exposure energy,  I ,  i s  

g iven  by t h e  fo l lowing  t e r m  de r ived  by combining Eqs. 7 and 28: 

Te Tt Ke af Es I =  
4NL 

and 

(32) 
1 

A . S . A .  f i l m  r ead ing  = - I 

2 For T = 0.70, T = 0.70,  % = 1, a = 0.065, Es = 140,000 lumens/m e f f 
N = 1 6 ,  and t = 0.04 

1 
0.174 A . S . A .  = - = 5.75 

For f i l m s  of equa l  or h ighe r  A . S . A .  v a l u e ,  many have y ' s  equa l  o r  

g r e a t e r  than 3.0 and a ' s  l e s s  than o r  equa l  t o  0.1. Therefore  

(by combining Eqs. 13 and 29) -1 0.1 - c + 1 = log - 1.08 P 3 . 0  
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C v = Kp Kb Kv Kt ‘50 ( 3 3 )  

This  v a l u e  h a s  been used i n  a l l  photographic c a l c u l a t i o n s  and appea r s  

q u i t e  conse rva t ive  due t o  t h e  c o n s e r v a t i v e  f i l m  assumptions.  

Assume t h a t  1 1 2  s e c  s e e i n g ,  p = 112  s e c ,  i s  p r a c t i c a l  f o r  a 

given s i t e ,  i . e . ,  a t  least  10 pe rcen t  of t h e  t i m e  a t  Pic-du-Mich i n  

France and t h a t  t h e  t e l e s c o p e  has a r e s o l u t i o n  b e t t e r  than 112 sec 

of a r c .  Then from F ig .  1 drawn with t h i s  example t h e  area f a c t o r  

a r  / ( C  + 1) i s  1.13 s q u a r e  meters f o r  a 0-degree phase a n g l e  s i g h t -  

ing a t  0 degree long i tude .  The re fo re ,  f o r  a r e f l e c t a n c e  of 0.80 and 

(C + 1) = 1.08 above, a = 1.53 square meters (16.5 squa re  f e e t ) .  

b P  

P 
Other photographic  d e t e c t i o n  beacon areas were c a l c u l a t e d  

i n  a similar f a sh ion .  

4.2 Vi sua l  C o n t r a s t  

V i sua l  c o n t r a s t  r equ i r ed  f o r  d e t e c t i o n  h a s  been the  s u b j e c t  

v f  numerous i n v e s t i g a t i o n s  many of which are  summarized by Taylor  

(1964). 

(1946) who r e p o r t e d  t h e  T i f f a n y  Data. 

viewing c o n d i t i o n s  c h a r a c t e r i z e d  by the  fol lowing f a c t o r s :  

I n  g e n e r a l ,  most c a l c u l a t i o n s  r e f e r  t o  t h e  work of Blackwell  

These d a t a  r e p r e s e n t e d  s p e c i a l  

1. Uniform c i r c u l a r  t a r g e t s  

2.  Uniform background 

3 .  Binocular v i s i o n  

4.  Known time of s t imu lus  

5. Known d i r e c t i o n  of s t imu lus  

6. Trained obse rve r s  

The T i f f any  d a t a  a r e  r e p o r t e d  f o r  a 50-percent  p r o b a b i l i t y  

Taylor h a s  summarizc-d v a r i o u s  c o r r e c t i o n  Lactors  of d e  t ec  t i o n  , C50. 

f o r  modifying t h e  o r i g i n a l  Blaclcwell d a t a  f o r  a p p l i c a t i o n  t o  p r a c t i c a l  

c o n d i t i o n s .  These are summarized i n  Table 1. For beacon c a l c u l a t i o n s ,  

t h e  c o n t r a s t ,  C used i s  r e l a t e d  t o  the  c o r r e c t i o n  v a l u e s  i n  the  

t a b l e ,  K 
V ’  

50’ by IC , ,  K v y  K t ,  and the  o r i g i n a l  d a t a ,  T i f f a n y  Data C 
P ’  
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t 

TABLE 1 

CORRECTION FACTORS FOR BLACKWELL DATA 

1. 1. Detec t ion  P r o b a b i l i t y ,  K 
P 

50% 

9 0% 

9 5% 

99% 

Kb 2 .  Targe t  P r o p e r t i e s ,  

Known Factors  

Locat i o n  T i m e  Dura t ion  

X X X X 

X X X 

X X 

X X 

X 

X X X 

3. V ig i l ance ,  K 

4. T r a i n i n g ,  

v 

Kt 
Trained 

Untrained 

Fac to r  

1.0 

1.50 

1.64 

1.91 

1.00 

1.40 

1.60 

1.50 

1.45 

1.31 

1.19 

1.00 

1.90 

Values of K 

r e p r e s e n t i n g  a 99-percent d e t e c t i o n  p r o b a b i l i t y ,  unknown f l a s h  time 

( i . e . ,  no t  a n  omnid i r ec t iona l  beacon),  a v i g i l a n t  and t r a i n e d  obse rve r  

o r  C = 3.18 C50. 

f a c t o r s  f o r  t h e  T i f f any  d a t a .  

f a c t o r  of 2 ,  beacon a r e a s  w i l l  only i n c r e a s e  by 20 pe rcen t  f o r  the  

wors t  p r a c t i c a l  t e l e s c o p i c  v i s u a l  ca se .  

= 1.91 ,  K,, = 1.40, K = 1 .19 ,  and K = 1.00 were chosen 
P V t 

This i s  t h e  range of p r e s e n t l y  accepted  convers ion  
V 

Even i f  t h i s  f a c t o r  i s  i n  e r r o r  by a 
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The v i s u a l  c o n t r a s t  i s  a f u n c t i o n  of appa ren t  f i e l d  b r i g h t -  

B a f >  and appa ren t  beacon angular  subtend ,  M p .  Baf can  be 
2 

a f  e determined from a p l o t  of B 

ranging  E q .  16  

d v e r s u s  Baf (Fig.  3) where by rear- 

(34) 
2 d2  = T Tt d Bf Baf e e 

which by s u b s t i t u t i o n  of E q .  25 is  

6976-Phase I 

For t h e  28X, 1.58-inch CM s e x t a n t  s i g h t i n g  on 0-degree phase  ang le  a t  

T 

candles/cm2. Therefore ,  Baf d2  = 1.61 x candles  (and log  e 

Baf e 

= 1.0, T t  = 0.27, D /M = 1.443 mm = d ,  KO = 1, a f  = 0.065, Es = 14.0 
e 0 

2 d = -3.206). 

Reading from Fig.  3 , which i s  drawn showing t h i s  example, 
-2 2 t h e  apparent  f i e l d  b r i g h t n e s s  i s  1.58 x 10 candles/cm . 

O r i g i n a l  smoothed T i f f any  d a t a ,  t aken  from Blackwell  (1946) 
2 and conver ted  t o  b r i g h t n e s s e s  i n  candles/cm , are  shown i n  Fig.  4. 

Assuming a s e x t a n t  r e s o l u t i o n  of 5 seconds ,  which i s  c o n s e r v a t i v e  

compared wi th  the  3.5 seconds va lue  determined from (1.22 h/D ) ,  t h e  

appa ren t  beacon angular  subtend w i l l  be  2.33 minutes  of arc. A c r o s s  

= 1.58 x 10 , p l o t  of C ve r sus  0 ,  n o t  shown h e r e ,  f o r  c o n s t a n t ,  

u s ing  F ig .  4 f o r  c r o s s  p l o t  d a t a ,  shows t h a t  C = 4.95 x a t  

8 = 2.33 minutes .  From above,  Cv = 3.18 C50. 

Knowing Baf d and Baf 

0 

-2 
Ba f V 

50 
.'. Cv + 1 = 1.157. 

2 
e 

= 3.2 mm f o r  t h e  above case 

A- 14 
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FIG. 4 VISUAL CONTRAST VS FIELD BRIGHTNESS FOR VARIOUS 
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Assume r = 0.80; d w a s  1.443 mm from above. From Fig.  2 f o r  a = 5 

seconds of a r c  r e s o l u t i o n  
b 

-4 m2 = 4.21 x 10 arb  
L 

0.84 ( C  V + 1)  (+) 
e 

S u b s t i t u t i o n  of the  va lues  l i s t e d  above y i e l d s  a r e q u i r e d  beacon area 

of 1.03 cm2 or  0.16 squa re  inch.  

d e t e c t i o n  were c a l c u l a t e d  i n  a similar fashion.  This  cor responds  t o  

a s p h e r i c a l  beacon d i a m e t e r ,  d s ,  of 4.95 meters (or  16.3 f e e t )  d i s r e -  

gard ing  t h e  n e g a t i v e  c o n t r a s t  e f f e c t s  of t h e  a p p a r e n t l y  n o n r e f l e c t i v e  

p o r t i o n s  of t h e  moon. The s p h e r i c a l  d iameter  i s  r e l a t e d  t o  t h e  area 

by t h e  r e l a t i o n s h i p  

Other beacon areas f o r  v i s u a l  

where o i s  the  s o l a r  angu la r  subtend. 

5. BEACON REFLECTANCE 

P o s s i b l e  deg rada t ion  i n  the  beacon r e f l e c t a n c e  i s  t h e  major 

unknown i n  s i z i n g  t h e  l u n a r  beacon. Empir ica l  and exper imenta l  anal- 

y s i s  of the  problem by Button (1964), Marks (1964),  and o t h e r s  have 

p r e d i c t e d  or  e x t r a p o l a t e d  l o s s e s  i n  s p e c t r a l  r e f l e c t a n c e  from between 

1 and 50 pe rcen t  due t o  uv,  h igh  energy p ro ton ,  and mic rometeo r i t e  

impingement. 

t h e s e  a n a l y s e s ,  though an experiment i s  now being planned t o  s tudy  the 

d e g r a d a t i o n  of r e f l e c t i v e  samples i n  space.  

No space exper imenta l  d a t a  are a v a i l a b l e  t o  c o r r o b o r a t e  

Unprotected aluminum has  a p r a c t i c a l  v i s i b l e  r e f l e c t a n c e  of 91 

p e r c e n t .  The re fo re ,  t h e  assumed r e f l e c t a n c e  v a l u e  of 0.80 pe rcen t  

would a l low a n  11-percent r e f l e c t a n c e  lo s s  due t o  l u n a r  d u s t ,  c o a t i n g  

t r a n s m i t t a n c e ,  micrometeor i te  damage, e t c . ,  and appea r s  v a l i d  based 

on some r e f l e c t a n c e  p r e d i c t i o n s .  
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Silicon-monoxide-overcoated aluminum has  a v i s i b l e  r e f l e c t a n c e  

of 8 7  p e r c e n t ,  when depos i t ed  under s t a n d a r d  development c o n d i t i o n s .  

Though t h i s  r e f l e c t a n c e  system i s  4 p e r c e n t  lower t h a n  aluminum and 

a l though  s i l i c o n  monoxide coa t ings  a r e  more s u s c e p t i b l e  t o  f a i l u r e  

when fo lded  over sha rp  c o r n e r s  as i n  a n  i n f l a t a b l e  beacon, aluminum 

c o a t i n g s  overcoated w i t h  a 1000A-micron-thick s i l i c o n  monoxide c o a t -  

i n g  show 1 . 2  t i m e s  l ess  degradat ion ove r  comparable i n t e n s i t i e s  of 

s imula t ed  micrometeori te  f l u x .  S i l i c o n  monoxide ove rcoa t ings  have 

t h e  added advantage t h a t  they are much more e a s i l y  c l eaned  t h a n  

aluminum a l o n e .  Quartz  -overcoated aluminum w i l l  y i e l d  r e f l e c t a n c e  

v a l u e s  of 88 p e r c e n t  over t h e  v i s i b l e  spectrum and have h igh  a b r a s i o n  

r e s i s t a n c e  a l s o .  However, qua r t z  ove rcoa t ings  a r e  s u p p l i e d  by only a 

l i m i t e d  number of i n s t a l l a t i o n s  a t  t h i s  t ime .  

0 

Note t h a t  t h e  r e f l e c t a n c e s  c i t e d  a r e  lower t h a n  textbook o r  ex- 

pe r imen ta l  r e f l e c t a n c e  v a l u e s .  These lower v a l u e s  r e p r e s e n t  p r a c t i c a l  

minimum l i m i t s  f o r  a metal  m i r r o r  f o r  t h i s  beacon program. Beacons 

w i t h  p l a s t i c  s u b s t r a t e s  w i l l  have lower r e f l e c t a n c e  v a l u e s .  

6 .  SEEING CONDITIONS 

For  t e r r e s t r i a l  t e l e s c o p e s ,  used e i t h e r  a s  photographic  o r  v i s u a l  

i n s t rumen t s ,  t h e  l i m i t i n g  angular r e s o l u t i o n  w i l l  determine t o  a l a r g e  

e x t e n t  t h e  d e t e c t a b i l i t y  of a given beacon s i z e .  Since f o r  most ob- 

s e r v a t o r i e s  t h e  t h e o r e t i c a l  r e s o l u t i o n  of t he  t e l e s c o p e  i s  achieved 

10 pe rcen t  o r  less of t h e  night  t i m e ,  s e e i n g  i s  used i n  t h i s  a n a l y s i s  

almost i n t e rchangeab ly  w i t h  the i n t e g r a t e d  angu la r  r e s o l u t i o n  of t he  

d e t e c t o r  i n s t rumen t .  

Seeing i s  a f u n c t i o n  of the changes i n  t h e  index  of r e f r a c t i o n  

of t h e  atmosphere through which t h e  o b j e c t  r a y s  p a s s  t o  r e a c h  t h e  

t e l e s c o p e .  Seeing i s  t h e r e f o r e  an  angu la r  c o n d i t i o n  r a t h e r  t h a n  a 

uniform l o s s  of i n t e n s i t y  which i s  a t r a n s m i t t a n c e  l o s s ,  o r  a non- 

uniform los s  of i n t e n s i t y  over t h e  a p e r t u r e  c a l l e d  s c i n t i l l a t i o n .  
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I r r e g u l a r i t i e s  i n  t h e  index  of  r e f r a c t i o n  a r e  due p r i m a r i l y  t o  

thermal  nonhomogeneities,  water vapor v a r i a t i o n s  and ozone v a r i a t i o n s .  

Seeing i s  adve r se ly  a f f e c t e d  by the fo l lowing  f a c t o r s  summarized from 

Stock and Kel le r ,  and Meinei (1960). 

1. Moist  c l i m a t e  

2 .  Cold f r o n t s  

3 .  Jet  streams (high-veloci ty  h i g h - a l t i t u d e  a i r  streams) 

4 .  Observatory dome r a d i a t i o n  

5 .  Observatory h e a t  sources- ins t ruments  as t ronomers  

6 .  Observa t ions  loca t ed  c l o s e  t o  t h e  ground 

7 .  A i r c r a f t  condensa t ion  t r a i l s  

8 .  A i r  p o l l u t i o n  

9 .  Temperature i n v e r s i o n  

10 .  Skyglow 

11. Haze 

Seeing w i l l  be g e n e r a l l y  improved by us ing  s h o r t  t i m e  exposures  

i n  photographic  work. Exce l l en t  h i g h - a l t i t u d e  s i g h t s  such as Pic-du- 

Mich in France and K i t t  P e a k  have 112-second see ing  between 10 and 20 

pe rcen t  of  t h e  t i m e  from Kopal (1963) and Meinel (1960) wh i l e  1 to  

1 - 1 1 2  seconds see ing  i s  "normal" f o r  such o b s e r v a t o r i e s  as Mount Wilson 

and Mount Palomar. 

Earth-photographed beacon a r e a s  have been based i n i t i a l l y  o n '  1 1 2  

second see ing  cond i t ions ;  v i s u a l  o b s e r v a t i o n s  on 1-second s e e i n g .  

7 .  MISCELLANEOUS FACTORS 
M The d iameter  magn i f i ca t ion  f a c t o r  - v a r i e s  p r a c t i c a l l y  between 
DO 0 . 4  and 2 . 0 .  

between 0 . 3  and 0 . 5 ,  depending on B Genera l ly  t h e  l a r g e r  t h e  t e l e -  

scope t h e  lower t h e  magn i f i ca t ion  f a c t o r .  Bowen (1947) h a s  r epor t ed  a 

m a g n i f i c a t i o n  f a c t o r  of  0 .56  fo r  t h e  Mount Wilson 60-inch t e l e scope  

under 1 t o  2 seconds see ing  cond i t ions  and 1.31 f o r  a 6- inch  t e l e s c o p e .  

The e f f e c t  o f  d iameter  magn i f i ca t ion  f a c t o r  and magn i f i ca t ion  

For "normal" magn i f i ca t ion ,  i . e . ,  d = de ,  t h e  f a c t o r  i s  

a f  . 

upon beacon a r e a  i s  shown i n  Fig. 5 f o r  10 i n c h e s ,  24 inches  

6976-#Phase I A-19 



I '  

1 .c 

cw 
E 
C .- - 
23 
< 
< 
w 
[Y 

0.1 

0.01 

M - 2 .0X /mm 
Do 

--- 13" TELESCOPE 

-0 - 24" TELESCOPE - 60"TELESCOPE 

1 1 1 1 

0.1 1.0 10.0 
RESOLUTION ANGLE p, in seconds of arc 

F I G .  5 BEACON AREA VS RESOLUTION ANGLE FOR VARIOUS DIAMETRICAL 
MAGNIFICATION FACTORS AND TELESCOPE APERTTJRES 

6976-Phase I A- 20 



( s i z e  of Pic-du-Mich i n  France) and 60 inches  (Mount Wilson) t e l e s c o p e s .  

The a r e a  d i f f e r e n c e  between t e l e scopes  are g r e a t e r  tirith smaller magni- 

f i c a t i o n  f a c t o r s  so t h a t  w i t h  large f a c t o r s  t h e r e  i s  l i t t l e  v a l u e  i n  

i n c r e a s i n g  t h e  t e l e scope  a p e r t u r e  above 24 inches .  S c i n t i l l a t i o n  e f f e c t s  

a l s o  p r a c t i c a l l y  l i m i t  l una r  obse rva t ion  t o  t e l e scopes  i n  t h e  range of 

10 t o  40 inches  s i n c e  l i t t l e  i f  anyth ing  i s  gained i n  going t o  l a r g e r  

d i a m e t e r s ,  s i n c e  see ing  and s c i n t i l l a t i o n  l i m i t  t h e  u s e f u l n e s s  of l a r g e  

a p e r t u r e s  except  f o r  energy-gather ing purposes .  

The phase ang le  f a c t o r ,  KO, re lates  t o  t h e  v a r i a t i o n  i n  a lbedo  a s  

a f u n c t i o n  of both phase ang le  and l o n g i t u d i n a l  l o c a t i o n .  The f a c t o r s  

used t o  c a l c u l a t e  F igs .  1 and 2 were taken  from Minnaert  (1961) f o r  z e r o  

degree  long i tude .  The phase angle  f a c t o r s  do n o t  va ry  w i t h  l a t i t u d e ,  

i .e. ,  are cons t an t  a long  nor th-south  mer id ians .  The f a c t o r s  w i l l  va ry  

w i t h  o t h e r  l ong i tude  a n g l e s .  

The atmospheric  t ransmiss ion  f a c t o r ,  T used i n  c a l c u l a t i n g  t h e  e 
beacon s i z e s  w a s  0.7. Depending upon t h e  observa tory  a l t i t u d e ,  t h e  

t e l e s c o p e  e l e v a t i o n  ang le ,  and the water vapor  i n  t h e  atmosphere,  t h e  

a c t u a l  a tmospheric  t r ansmiss ion  can be g r e a t e r  o r  less t h a n  t h e  0.7 

f a c t o r .  F igure  6 d e p i c t s  t he  a i r  masses f o r  v a r i o u s  

obse rva to ry  a l t i t u d e s  f o r  a t e l e scope  wi th  a 90 degree e l e v a t i o n  

a n g l e .  F igure  7 d e p i c t s  t h e  a i r  mass ve r sus  e l e v a t i o n  ang le  

f o r  v a r i o u s  e l e v a t i o n  ang le s .  By m u l t i p l y i n g  t h e  a i r  m a s s  f a c t o r s  i n  

F i g .  6 ,  t h e  t o t a l  a i r  mass through which t h e  e a r t h - l u n a r  s o l a r  re- 

f l e c t i n g  beacon s i g n a l  must pass can be determined. From t h i s  cal-  

c u l a t e d  a i r  m a s s  p l u s  t h e  curves shown i n  F ig .  8 f o r  v a r i o u s  amounts 

of p e r c i p i t a b l e  water vapor i n  t h e  atmosphere,  t h e  f r a c t i o n a l  atmos- 

p h e r i c  t r ansmiss ion  t o  e i t h e r  s o l a r  r a d i a t i o n  o r  t he  beacon r e f l e c t e d  

s i g n a l  can be determined. 

F igure  7 i n d i c a t e s  t h a t  those o b s e r v a t o r i e s  t h a t  are c l o s e  t o  t h e  

a r t i c  o r  a n t a r c t i c  c i r c l e s  w i l l  have r e l a t i v e l y  l a r g e r  t r ansmiss ion  

l o s s e s  when viewing t h e  moon than those  o b s e r v a t o r i e s  l oca t ed  c l o s e r  

t o  t h e  equa to r .  
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APPENDIX 33 

DIFFUSE BEACON PHOTOMETRIC ANALYSIS 

The nomenclature and formulae of Appendix A w i l l  be h e l p f u l  i n  

unders tanding  t h i s  s e c t i o n .  

1. F l a t  Beacon 

For a d i f f u s e  f l a t  r e f l e c t o r ,  t h e  i l luminance  a t  t h e  

ins t rument  o b j e c t i v e ,  Eob, is  r e l a t e d  t o  t h e  d i f f u s e  beacon a r e a ,  

beacon albedo,  a t h e  ang le  a range, R,  s o l a r  i l luminance,  

of s o l a r  i nc idence ,  J I ,  t h e  angle of r e f l e c t i o n  o r  o b s e r v a t i o n ,  @, 

and the  atmospheric t r ansmiss ion ,  

b’ d’  

by t h e  r e l a t i o n s h i p  Te 

T E a a cos$ cost$ - e s b  
2 

nR Eob - 

From 1 - B  and 6 ,  7 ,  8 ,  and 15 of Appendix A 

kgafR 2 2  6 a a  
- - d b  

P 
(C + 1 ) n  3.36 cos$ cos@ 

So t h a t  the  r a t i o  of the  r a t i o  of t h e  d i f f u s e  and specu la r  f l a t  

beacon areas from 2-B and 15 of Appendix A i s  

B- 1 



-5 
Since  t h e  s o l a r  s o l i d  angle  i n  s t e r a d i a n s  is  6.76 X 10 , t hen  t h e  

r a t i o  of t h e  beacon a r e a s  f o r  d i f f u s e  and s p e c u l a r  f l a t s  which can  be 

d e t e c t e d  pho tograph ica l ly  i s  

S i m i l a r l y  it can be shown t h a t  the same r a t i o  ho lds  f o r  v i s u a l  o b s e r -  

v a t  i ons .  
0 

A t  0 phase,  i n c i d e n t ,  and o b s e r v a t i o n  a n g l e s ,  t h e  r e l a t e d  

a r e a s  f o r  f l a t  s p e c u l a r  and d i f f u s e  beacons having t h e  same d i f f u s e  and 

s p e c u l a r  r e f l e c t a n c e  would be: 

Recommended 
Specular  Corresponding 

- Case Area D i f f u s e  Area 

6 2  1.53 X 10 f t  Ear th  Beacon 32.9 f t  
2 

207,000 nm 

2 2  5.05 X 10 f t  C i s l u n a r  Beacon 1.09 X 
400 nm 

2 .  S p h e r i c a l  Beacons 

From equa t ion  37 of Appendix A ,  t h e  s p h e r i c a l  diameter of  

a s p e c u l a r  sphere i s  

There fo re  r e l a t i v e  i l luminance  of a d i f f u s e  s p h e r i c a l  beacon, Ebd, t o  
a s p e c u l a r  s p h e r i c a l  beacon, Ebs ,  i s  a func t ion  of t h e  phase a n g l e ,  8 ,  

6976-Phase I B- 2 



t 

I 

s p e c u l a r  and d i f f u s e  r e f l e c t a n c e s ,  r and a and t h e  s p h e r i c a l  diarn- 

e te rs  f o r  t h e  specu la r  and d i f f u s e  s p h e r e s ,  d and d a s  g iven  by 
b b y  

s s  s d ’  

2 
Ebd 8 ) ab dsd  - = - ( s i n e  + rn-e]  case 311 r Ebs 

- - 2 
b d  s s  

There fo re  a d i f f u s e  sphe re  of  t h e  same diameter  as a s p e c u l a r  sphe re  

would have an i n t e n s i t y  of 

2.67 ab 

b r 

0 t i m e s  t h a t  o f  t h e  s p e c u l a t  sphere a t  0 phase ang le .  The i n t e n s i t i e s  

of  s p e c u l a r  and d i f f u s e  sphe res  of equa l  d iameter  a r e  e q u i v a l e n t  when 

t h e  phase a n g l e ,  8 ,  is  3 ~ 0 . 4 6 ~  rad ians  o r  f83 degrees .  

Therefore  t h e  r e l a t i v e  d iameters  o f  d i f f u s e  and s p e c u l a r  

sphe res  having t h e  same r e f l e c t a n c e s  would be a s  fo l lows :  

Case -.- 

E a r t h  Beacon 
207,000 nm 

C i s  l una r  Beacon 
400 nm 

6976-Phase I 

Recommended Recommended 
Di f fuse  Sphere D i f f u s e  Sphere 

Diameter fo r  Diameter f o r  

Diame t e r e = * m  0’ phase angle  

Recommended 
Specu la r  Sphere 

0 

2790 f t  2790 f t  1740 f t  

50.5 f t  50.5 f t  31  f t  

B- 3 
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APPENDIX C 

KEFLECTOR ORIENTATION COMPUTER PROGRAMS 

1. i, A ,  R' 

cos  i = cos(1  + p) cos  (T + A )  + s i n ( 1  + p) s i n ( r  + A )  cos(n + G + A$) 

w 1 i el- e 

yr = 23O.4457874 - 0°.01301376 T = mean o b l i q u i t y  of d a t e  

!k: = 0°.255833(10-2) c o s R  - 0°.25(10-4) cos 2 R + 0°.1530555(10-3) cos c! L 

= n u t a t i o n  i n  o b l i q u i t y  

[\,y = - [0°.47895G11(10-2) + 0°.47222(10-5) T] si& 

+ 0°.58055(10-4) s i n  2 - 0°.3533(10-3) s i n  2 L 

5976-Phase I c- 1 



I = 1' 32.1' 

R = 12O.1127902 - OO.0529539222 d + 0°.20795(10-2)T + 0°.2081(10 -2 )T 2 

1 (7= 64O.37545167 + 13O.1763965268 d - 0°.1131575(10-2)T - 0°.113015(10 -2 )T 2 

s i n A =  - s i n @  + Ij + nl) c s c  i s i n ( T  + A € ) ,  

t 
I c o ~ n  = -  cos(^ + u + AY)  cos^' - s i n ( 0  + u + AY) si&' c o s ( 7  + AE) 

I -3 2 )T L = 280°.08121009 + OO.9856473354 d + 0°.302(10-3) T + 0°.302(10 

I 0 s i n  I = -0O.0302777 s i n  g + 0°.0102777 s i n  (g + 2w) - 0°.305555(10-2) s i n  (2g + 2w) 

I 

T = -0°.3333(10-2) s i n  g + OO.0163888 s i n  g' + 0°.5(10-2) s i n  2w 

0 = -0O.0297222 cos  g + 0°.0102777 cos (g + 2w) - 0°.305555(10-2) c o s  (2g + 2w) 

g = 215O.54013 + 13O.064992 d 

g' = 358O.009067 t 0°.9856005 d 

w = 196O.745632 t OO.1643586 d 

Here, d i s  measured i n  J u l i a n  days from January 1.0, 1950, and T i s  

measured i n  J u l i a n  c e n t u r i e s  (of 36,525 days)  from January  1.0, 1950. 
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2 .  PROGRAM I 

sinp, = s i n i  cos6 s i n ( a m  - 0') - c o s i  s i n 6  e m m 

B - tanA cos(am - n') 
B tanA + cos (am - n') t ank  = e 

B = c o s i  sin(cu - n') + s i n i  tan6 m m 

[ s i n s s  c o s i  - cos6 s i n i  s i n ( a  - sa ')]  + si- = -  
sm sm 

e sir+ RSe 
S S s R  

e s i f i  cosp  - n') + F] + - 
Rs e e cos6 COSA [ -  tanA C O S ( ~  

S S 
ta% = 

cos6 COSA [ c o s ( a  - n') + F tanA] -t- - cosh cosp 
S S e e Rs e 

F = c o s i  s i n ( a  - n') + s i n i  t a r16~ 
S 

e cosh cosp cosA [cos(as  - n') + F tanA] + - 
Rs e 

sm 

se 

e cos6 
S 

R 

R 

cosh = 
S 

cosp - 
S 

Here ,  

X Z -1 m -1 2 
R 6 = s i n  112; m 

= cos -1 'm 
(Y. = s i n  

2 2  
(Xm + Y,) 

2 2 m 
(Xm + Y,) 
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I .  

X z -1 S -1  s 6 = s i n  - 
Rs e 112;  S 

= cos - 1  Y S  cx = s i n  
2 

(x2 + Ys) 
2 2 l I 2  S 

(xs + Y s )  S 

s i n 7  cos; - Z s i n 7  s i n e ]  
’ern e m  x = Re [Xem COST - m 

2- 2- s i n 7  c o s t  + Y (cos e COST + s i n  e )  - 
Ym - Re [‘em e m  

I 

s i n i  cos; (COST - I)] 
+ ‘ern 

- 
sin;  cos ;  (COST-1) + ‘ern z = Re [Xem s i n 7  s i n e  

m 

2- 2- 
(COST s i n  e + cos e ) ] .  + ‘ern 

x = Au [ -  Xse COST + Y s i n 7  cos; + Z s i n 7  sin;] 
S se  se 

2-  2-  
YS = AU [ -  xse s i n r  cos; - ‘se (COS e C O S T  + s i n  a )  

sin; c o s i  ( C O S T  - I ) ]  - ‘se 

z = Au [ -  X s inT  s in;  - Y s i n e  cos: ( C O S T  - 1)  
S se se  

2-  2- - z (COST s i n  e i- cos e ) ]  
s e  

112 
2 = e a r  th-moon d i s t a n c e  2 2 

+ ‘em + ‘ern) e e m  R = R  ( X  

112 
Rse = Au (Xse 2 4- Yse 2 + Zse)  2 = sun-ea r th  d i s t a n c e  

112 
+ A u Z  ) ] R = [ (Re  Xem + Au X ) + (Re Yem + Au Ys,) + (Re Zem 

2 2 
s e  sm se 

= sun-moon d i s t a n c e  

R = r a d i u s  of e a r t h  = 6378.3255 km; Au = as t ronomica l  u n i t  = 149,599,000 km 
e 
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0 
T = 1.3846 T (This  T i s  not t o  be confused w i t h  t h e  T appea r ing  

i n  p a r t  1 above. ) 

= coordinates  of moon i n  g e o c e n t r i c  e q u a t o r i a l  
r e f e r e n c e  f r a m e  of t h e  mean equator  and 
equinox of 1950.0 

('em' 'em' 'em) 

(xmy YmY Zm) = - - - mean equa to r  and equinox of d a t e ,  

(Xse ,  Y s e ,  Zse) = coord ina te s  of e a r t h  ( a c t u a l l y  earth-moon 
c e n t e r  of mass) i n  h e l i o c e n t r i c  e q u a t o r i a l  
( e a r t h ' s  equator) r e f e r e n c e  frame o f  the  
mean equator and equinox of 1950.C 

( x s y  YsY z s )  = - - - m e a n  equa to r  and equinox of date, 

i 
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3 .  PROGRAM I1 

cosy = cosy (n  cos6 + n s i n 6  + n tamp); 0 < y 5 goo 
X Y Z 

s i ne  - n cose)  s i n 0  = siny (nx 

cos0 = - [-simp (nx cos6 + n s i n e )  + n coscp]; 0 5 G 5 360' 

1 
Y 

1 
s iny  Y 2 

p + cosh cosp p + s i n h  cosp p + s i n p  
X S S S S n =  Z S 

¶ N Z N , n =  
N Y 

n =  
X 

t 

s i a  cosp + p 2 s i w s ) ]  1/ 2 
s + p y  s S 

N = [2  (1 + p, cosh cosp 
S 

1 
Px = y (A  + 

- - 
4, 

q =  
Y 

- 
92 - 

L =  

D 2 = R  2 2  + R m  

px 

pY 

R  COS^  COS^ - Rm COSO COST = e e 

R s i n h  cosp - R s i n e  cosy = e e m 

pz R siw - R simp= e m 

(D2 + Rf + 2Aqx + 2Bq + 2CqZ)lI2 
Y 

- ~ R R ,  [ c o s y  cosp cos(e - 1) + simp sinp 3 e e e 
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= Rex x21 Rey x22 Rez X 23 

= COSCJ' COSA - s i d '  sinA c o s i  xll 

x = s i d '  COSA + cos!J' sinA c o s i  12 

= sinA s i n i  x13 

-  cos^‘ s i d  - si&' C O S A  c o s i  x21 - - 

x = - si&' sinA + cosn'  cosA c o s i  22 

x = COSA s i n i  23 

= s i n i  si&' x3 I 

1 
x32 = - s i n i  cosn 

x =  c o s i  33 

R = R cos(@ + as - 180' + 15.0 t ) cos& 
ex e 0 

R = Re s i n @  ez  

Here, R = earth-moon d i s t a n c e ,  R = r a d i u s  of moon = 1738 lan m 

I 6976-Phase I c-7 



I 
I 
I .  

Also ,  ;p, 0 a r e  t h e  l a t i t u d e  and l o n g i t u d e ,  r e s p e c t i v e l y ,  on t h e  

moon's s u r f a c e  of t h e  r e f l e c t o r ,  and +, 9 a r e  t h e  l a t i t u d e  and long i -  

t u d e ,  r e s p e c t i v e l y ,  of the  " t a rge t  p o i n t ' '  on t h e  e a r t h ' s  s u r f a c e .  

The c o n d i t i o n  which must  be s a t i s f i e d  i n  o rde r  t h a t  t h e  r e f l e c t o r  

on t h e  moon's s u r f a c e  be v i s i b l e  from t h e  p o i n t  G, 9 on t h e  e a r t h ' s  

s u r f a c e ,  a t  t h e  t i m e  t i s  
0' 

The c o n d i t i o n  which must  be  s a t i s f i e d  i n  order  t h a t  t h e  sun be 

v i s i b l e  from t h e  r e f l e c t o r  on the moon's s u r f a c e  ( c p ,  e ) ,  a t  t h e  time 

i s  

c o s ( 8  - k )  + t a n  cp t a n  p > 0 
S 
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4 .  PROGRAM I11 

-90' < m < 90' -1 Rez 
@ = s i n  (F) 

-1 Rey 8 = t a n  (Rex) - cy S + 180' - 15.0 t 

- cys + 180' - 15.0 t -180' < $3 < 180' -1 Rey 0 = s i n  
( R t x  + R2y)1'2 

Here, 

R = A Xll + B X21 + C X31 A = L O  X - D p x  ex 

R = A X12 + B X22 + C X32 B = L p  Y - D p y  
eY 

- pz C = L o  R ez = A X13 + B X23 + C X33 Z 

Rm - -  - ( c o s h  cosp - - c o s 0  c o s @ )  
px D e e R  

s i n @ )  - ( s i ~  - - R Rm - -  
PZ n e R  
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I .  

-4 

n [(I-2 n,2) 5. n + n s i n p  I+ n cos+ (n  cos^ - n sin;) 
Z S X S S X 

n = '  

2 1 - n  
Z 

= 2 n  C - n - s i n p  
PZ Z S 

n = cosy  cos0 cos@ + s i n y  s i n a  s i n 0  - s i n y  cosu s i n @  cos0 
X 

n = cosy  s i n 9  cos@ - s i n y  s ina  cos0 - s i n y  cosa s i n @  s i n Q  
Y 

n = cosy s i n @  + s i n y  cosu cos@ z 

s ,  cy = s i n h  cosp 6, = s i n p  
S S S J  S 

5, = cosh cosp 

The a x i s  of t h e  cone of t h e  r e f l e c t e d  l i g h t  w i l l  s t r i k e  t h e  e a r t h  

i f  c o s r  > S,  and w i l l  m i s s  the  e a r t h  i f  c o s r  < S,  where 
- 

6376-Phase I 
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5. PROGRAM VI1 

- s in?  € - sinHl 
K1 - 

When, K1 < 0 ,  the  r e f l e c t e d  l i g h t  i s  n o t  v i s i b l e  from a1, Q l ;  

When, K1 > 0 ,  t h e  r e f l e c t e d  l i g h t  i s  v i s i b l e  from 01, Q1; 

When, K1 = 0 ,  t h e  r e f l e c t e d  l i g h t  becomes v i s i b l e ,  o r  j u s t  c e a s e s  t o  

t o  be v i s i b l e ,  from 01, Ql . 

Here, gl ,  Q 

obse rve r  on t h e  e a r t h .  Also ,  c / 2  = ha l f  angle  o f  l i g h t  cone 

( ~ / 2  - 1 6  min. o f  a r c ) ,  where 

a r e  t h e  long i tude  and l a t i t u d e ,  r e s p e c t i v e l y ,  o f  a n  1 

S 
R 

2 R 
- € - - -  

sm 

5 Here, Rs = r a d i u s  of sun = 6.965 x 10 km 

f 2  2 2'1/2 
+ v2 + v3 I sinH = 1 DuZ 

AIC - AC1 
v2 = Pz(A1 - A) + PJC - cl) + D 
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2 2 2 112 
= [(px + ;, + tPy + ;j + (pz +;,I 

A 2  B 2  1 1 2  
z1 = [(.. + d) + (P, + $, + (Pz + 211 

X X - 
A1 - R e l x  11 + R e l y  x12 + R e l z  13 

X - 
B1 - R e l x  x21 + R e l y  x22 + R e l z  23 

X - 
‘1 - R e l x  x31 + Re:y x32 + R e l z  33 

where 

= -Re C O S $  C O S  (01 + cy + 15.0  t) Re 1x S 

= -Re cos@1 s i n  (dl + cy + 1 5 . 0  t )  
S 

R 
e 1 Y  

R e l z  R s i n Q l  e 
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6. PROGRAM IV 

cos$ = n p, + n p + nZ p, 
X Y Y  

(0 < $ < n> 

C O S P  = [ ( u  P - u P > (ny P, - n, P > + (u3 P, - u1 pz> (nz p, - nx pZ> 
2 z  3 y  Y 

Here ,  

u = sin?, cosps, u = s im 
s '  2 s 3 S 

u1 = cosx cosp 
s 

e = cos$ n 

e = u 1  P, + u2 Py + u3 P, s 

n Pz n - e  n - e  p 
z n Px n y  - 

n - e  
X rc= 2 112'  xy = 2 112' x z  - 2 112 

(1 - en> (1 - en> (1 - en> 
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7 .  PROGRAM IV(A)  

cos$ cos$ es  + s in$  cosp sin* e s  

Q 
0 < 5 < 180° 

cos5 = Y 

- s in$  s i n $  es s i n <  = 
s in5  

Q 0 < E: C 360' 
2 s i n c '  cos5 - 

Here, 

Q = L2 (1 + sin$es cosp cos$ - cos$ e s  sin$)J1'2 

0 < qes < 180' 
S '  

cos* = p, cosh cosp + py S l M  C O S p  i p, ~ L L + U  e s  S S s 

6976-Phase I C- 15 
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8. PROGRAM V 

X' - R m case cosv ) + py ( Y ' -  R~ s i n e  coscp ) + p, (=' - ; m 
W W cosM = p ( 

X 

Here, P,, P y r  P,r are those  def ined  i n  Program 111, and 

6976-Phase I C- 16 



9. PROGRAM VI 
The expressions for y, u are given  in Program 11. However, t he  

arc given by x’ Py’ pz 
expressions for p 
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APPLICATION OF SUN-PUMPED LASER FOR LUNAR BEACON 

6976-Phase I 



APPENDIX D 

APPLICATION OF SUN-PUMPED LASER FOR LUNAR BEACON 

A sun-pumped laser u t i l i z e s  r e f l e c t e d  photons from t h e  s u n  t o  

e x c i t e  a Y t t r i u m  Aluminum Garnet (YAG) laser rod .  Normally, l a s e r s  

a r e  e x c i t e d  by photons from a f l a s h  tube o r  an  e l e c t r o d e  d i scha rge .  

1. ADVANTAGES AND DISADVANTAGES 

The use  of a sun-pumped l a s e r  as t h e  l i g h t  source f o r  a luna r  

beacon i s  a t t r a c t i v e  because of the  power sav ings  a t t e n d a n t  w i t h  t h e  

d i r e c t  u t i l i z a t i o n  of s o l a r  energy. Add i t iona l  advantages i n c l u d e  

t h e  ease  wi th  which t h e  ou tpu t  may be co l l ima ted  and d i r e c t e d ,  u s ing  

s m a l l  o p t i c a l  components, and the ease wi th  which i t  may be modulated. 

The p r i n c i p a l  problem i n  t h e  use of a sun-pumped laser as a luna r  

beacon i s  p rov id ing  adequate coo l ing  f o r  t h e  l a s e r  m a t e r i a l  i t s e l f .  

The mechanics of t r a c k i n g  t h e  sun w i t h  che iaseL's c ~ i - i c c = t r a t ~ r  

m i r r o r  and aiming the  laser output  t o  t h e  e a r t h  are problems common 

t o  o t h e r  l u n a r - s o l a r  t r a c k i n g  beacons using o r i e n t e d  s o l a r  c e l l  

pane l s  t o  supply e l e c t r i c a l  power f o r  o t h e r  types of l i g h t  sou rces .  

The fol lowing s u b s e c t i o n s  p r e s e n t  some d i s c u s s i o n  of sun-pumped 

l a s e r s  and inc lude  d a t a  from r e c e n t  EOS experiments .  Suggest ions are 

inc luded  f o r  p o s s i b l e  work t o  br ing sun-pumped laser beacons c l o s e r  

t o  a f l i g h t  hardware s t a t u s .  

2 .  CHOICE OF MATERIALS AND SOLAR CONCENTRATORS 

The laser material  chosen must have broad pump bands i n  t h e  s o l a r  

spectrum and as low a th re sho ld  as p o s s i b l e  a t  temperatures  i n  t h e  

v i c i n i t y  of 300°K. A complete survey of laser materials t h a t  have 

been i n v e s t i g a t e d  w a s  r e c e n t l y  publ ished by EOS (Ref. 1). Of a l l  

t h e  ma te r i a l s ,  neodymium-doped YAG appears  t o  be t h e  b e s t  p r e s e n t l y  
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a v a i l a b l e  for  use i n  sun-pumped l a se r  beacons. 

Nd3+:YAG i s  a t  1.06 microns. 

from s m a l l  Nd3'-:YAG rods pumped with tungsten lamps wi th  as l i t t l e  as 

360 watts input  power (Ref. 2) .  

The laser output  from 

Continuous r a d i a t i o n  has been obtained 

The optimum concent ra tor  conf igura t ion  is  not  u n i v e r s a l l y  agreed 

Paraboloidal  concent ra tors  g ive  the h ighes t  a t t a i n a b l e  f lux  upon. 

dens i ty  (Ref. 3 ) .  

e f f i c i e n t  pumping of a laser rod s ince  seve ra l  passes  of t he  r ays  

through the rod a r e  necessary t o  obta in  adequate absorp t ion  a t  the 

pump bands. 

However, with t h i s  design i t  i s  d i f f i c u l t  t o  ob ta in  

One of the approaches successfu l ly  employed a t  EOS i s  t o  mount 

the laser rod along the  a x i s  of a parabolo ida l  m i r r o r ,  near  t he  focus ,  

and use a conica l  l ens  surrounding the  rod t o  produce a c y l i n d r i c a l  

image of the sun. Figure 1 i s  a photograph of such a conf igura t ion  

employed a t  EOS. 
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I n  p r a c t i c e ,  t h e  c o n i c a l  l ens  i s  f i l l e d  wi th  a l i q u i d  which se rves  

t o  conduct h e a t  from the  l a s e r  rod. A s p e c i a l  technique f o r  process ing  

a 3M f luorochemical  FC-75 has  been developed and h a s  made it p o s s i b l e  

t o  u t i l i z e  i t s  e x c e l l e n t  coo l ing  c h a r a c t e r i s t i c s  i n  t h i s  a p p l i c a t i o n .  

It i s  p o s s i b l e  t h a t  t he  cool ing  sys tem could be designed so  as t o  

u t i l i z e  t h e  back s i d e  of t h e  s o l a r  concen t r a to r  f o r  r a d i a t i v e  h e a t  

r e j e c t i o n ,  t h e  coo lan t  being c i r c u l a t e d  i n  tubes a t t a c h e d  t o  the  

c o 1 l e c  t o r .  

3 .  EOS EXPERIMENTS 

The present EOS sun-pumped laser u t i l i z e s  a 30-inch e lec t roformed 

mi r ro r  t o  produce 45 m i l l i w a t t s  from a Nd3+:YAG laser rod. 

o ld  h a s  been observed t o  correspond t o  the  r a d i a t i o n  r ece ived  on 

approximately h a l f  the  mi r ro r  a r e a .  The 45 -mi l l iwa t t  ou tput  w a s  ob- 

t a ined  when t h e  measured s o l a r  i r r a d i a n c e  w a s  950 watts/cm2 a t  t he  

c o l l e c t o r ,  which i s  about 40 percen t  l e s s  than the  s o l a r  cons t an t  i n  

space (1350 w a t t s / m  ). 

The th resh -  

2 

The p r i n c i p a l  a r e a s ,  unique t o  sun-pumped l a s e r  beacons,  where 

a d d i t i o n a l  e f f o r t  could be o t  most bene f i c  are ~ i i e  ~ U I I L ~ W . L L ~ :  

1. Improved s o l a r  concen t r a t ing  sys t ems  

2. Improved l a s e r  m a t e r i a l s  

3. Design and development of cool ing  systems 

EOS i s  c u r r e n t l y  engaged i n  a company-sponsored progran t o  

improve t h e  o p t i c a l  system f o r  c o l l e c t i n g  and concen t r a t ing  the  sun ' s  

energy on the  l a s e r  r o d .  Hemispherical  concen t r a to r s  a r e  being 

i n v e s t i g a t e d  and a d d i t i o n a l  work should be devoted t o  o t h e r  types of 

s y s  t e m s  . 
The second area i s  probably t h e  most f r u i t f u l  from t h e  s t andpo in t  

of i nc reas ing  the  l a s e r  ou tput  per u n i t  beacon weight .  The goa l  i s  t o  

o b t a i n  a b e t t e r  match between the pumping spectrum and the  a b s o r p t i o n  

spectrum. The t r i v a l e n t  r a r e - e a r t h  c r y s t a l  h o s t  lasers have very  

narrow and r e l a t i v e l y  weak 4f-4f pa r i ry - fo rb idden  abso rp t ions  and so  
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e x h i b i t  i n h e r e n t l y  low system e f f i c i e n c i e s  when pumped w i t h  any of 

the  high-energy broadband sources .  

t i o n  of energy t r a n s f e r  from a s t rong  broadband absorber  c o e x i s t i n g  

i n  the l a t t i c e  s t r u c t u r e  t o  t h e  r a r e - e a r t h  laser ion.  I n d i c a t i o n s  

a r e  t h a t  an immediate g a i n  of 2 i n  e f f i c i e n c y  (YAG:Nd3+, cr3+) i s  

a v a i l a b l e  and long-term g a i n s  of n e a r l y  an o rde r  of magnitude may be 

expected.  

Work is being done i n  the  d i r e c -  

From t h e  s t a n d p o i n t  of br inging about a p r a c t i c a l  working beacon, 

the  i n v e s t i g a t i o n  of a p p r o p r i a t e  coo l ing  systems i s  of extreme impor- 

tance.  I f  t hese  engineer ing  problems can be so lved ,  the  success  of 

t h e  sun-pumped laser beacon is  assured.  
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APPENDIX E 

PROBABILITY OF PHOTOGRAPHIC DETECTION 

OF THE CISLUNAR BEACON 

Photographic beacon d e t e c t i o n  p r o b a b i l i t y ,  P, w i l l  depend on t h e  

product of t h e  fo l lowing  f a c t o r s :  

1. P r o b a b i l i t y  t h a t  t h e  beacon f l a s h  i s  d e t e c t e d  d u r i n g  t h e  

e n t i r e  pe r iod  t h a t  t h e  camera s h u t t e r  i s  open, P . 
S 

2 .  P r o b a b i l i t y  t h a t  t h e  beacon ins t an taneous  f i e l d  of view, 0, 
is poin ted  a t  t h e  o r b i t i n g  camera a t  any p o i n t  i n  t i m e ,  

wh i l e  t h e  beacon i s  i n  t h e  camera f i e l d  of view, 0 . 
Number of photographic frames, Nc, t aken  w h i l e  pas s ing  

through ec.  

pQ' 

C 

3 .  

Theref ore, 

1 Given a - sec camera s h u t t e r  speed p i s  r e l a t e d  t o  t h e  f l a s h  50 S 
d u r a t i o n ,  t by 

f '  

2 x 0.02 = I -  
t f  PS 

0 The maximum d iagona l  camera f i e l d  of view i s  rt47 

squa re  f i e l d  c a r t o g r a p h i c  camera format .  

dynamic beacon r e f l e c t i n g ,  a t  a cons t an t  angu la r  v e l o c i t y ,  t o  180 

pQ - -? 

based on t h e  78' 
= -  e f o r  a 

180 Therefore  , pg 

or  
- -  e f o r  a s t a t i c  beacon. For a 67 pe rcen t  format ove r l ap  N = 3 .  

C 
C 

The p r o b a b i l i t i e s  f o r  t h e  c i s l u n a r  beacons a r e  c a l c u l a t e d  i n  

Table I. p i s  c o n s e r v a t i v e .  
S 
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0 
Since t h e  o r b i t  s l a n t  h e i g h t  w i th in  t h e  i 4 7  camera f i e l d  of view 

i s  about x 400 n a u t i c a l  mi l e s ,  then  t h e  s i g n a l  s t r e n g t h  w i l l  b e  two 

t imes  s t ronge r  than t h e  d e s i g n  s i g n a l  s t r e n g t h .  The re fo re ,  t h e  s h u t t e r  

speed a c t u a l l y  necessary  f o r  d e t e c t i o n  would be  1 / 2  of 1/50 second o r  

1/100 second. This  would i n c r e a s e  p f o r  t h e  0.1, 0 .5 ,  1.0, and 5 second 

f l a s h  d u r a t i o n s  t o  0.8, 0.9G, 0.98,  and 0 . 9 9 6 ,  r e s p e c t i v e l y .  pF! f o r  t h e  

s t a t i c  cases i s  g iven  f o r  t h e  most optimum c a s e ,  when t h e  beacon a x i s  i s  

poin ted  t o  t h e  sun. 

2 

S 

A t  o t h e r  o r i e n t a t i o n s  pa would dec rease .  

From t h i s  a n a l y s i s ,  t h e  s t a t i c  beacons would be s u p e r i o r  f o r  

photographic  miss ions  fol lowed i n  order  by t h e  o s c i l l a t i n g  cap  , 
l a t i n g  f a c e t e d  a r c h ,  and r o t a t i n g  c y l i n d r i c a l  segment concepts .  

a l l y ,  t h e  r a t i n g s  vary  w i t h  t h e  beacon a r e a s ;  sec Table 3 - X  of 

3 .3 .  T h e  o s c i l l a t i n g  cap has  n o t  been r a t e d  high s i n c e  i t  only 

about 1 /3  of t h e  2 ~ r  s t e r a d i a n  f i e l d  of view. However, s i n c e  t h  

o s c i l -  

Basic-  

Sect i o n  

cove r s  

s t h i r d  

i s  t h e  c e n t e r  of t h e  f i e l d  of view, i t  w i l l  probably be t h e  most u s e f u l .  

I f  a s imple method of o s c i l l a L i n g  t o  the  e n t i r e  211 s t e r a d i a n  f i e l d  of 

view i s  developed , without  a d d i t i o n a l  weight p e n a l t i e s  , t h i s  concept  

should be  r a t e d  h ighe r .  

For the dynamic beacons,  t he  d e t e c t i o n  p r o b a l ~ i l i t i c s  can  bc) i r n -  

proved by i n c r e a s i n g  both t h e  time which t h e  beacon rcELccts  t o  t h c  

, ant1 Lhc. ntirnber of frnnics rt47' ficLld of view,  t s o  t h a L  1) = - 
180 t aken  over  t h e  beacon s i t e ,  which cou ld  be  e a s i l y  programmed i n t o  

t h e  mapping miss ions  a t  a minor inc rease  i n  the  u s e  of photographic  

s t o r a g e  c a p a c i t y .  

t 9 4  
9 4  , 3 

p can probably be  p r a c t i c a l l y  increased  by J f a c t o r  of 3 ,  wlicrcas 0 
N could be inc reased  by Eroni one t o  two o rde r s  of magnitude. These 

mod i f i ca t ions  would i n c r e a s e  t h e  p r o b a b i l i t y  of  photop,raphic d c t e c t i o n  

f o r  even t h e  poores t  dynamic beacons t o  over 1 .0 .  

C 
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